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ABSTRACT
GARY E. DOUBERLY, JR.: Infrared Laser Spectroscopy of Dopants In and On
Helium Nanodroplets: Rotational and Vibrational Dynamics
(Under the direction of Roger E. Miller)
The work presented in this thesis corresponds to the use of infrared lasers to probe
the rotational, vibrational, and solvation dynamics of molecules and molecular clusters
embedded in liquid helium droplets. The formation of clusters of hydrogen ﬂuoride
(HFn, n ≥ 3) provides a compelling example of the unique cluster growth process that
occurs when single HF molecules are sequentially added to a helium droplet. From the
infrared spectrum in the H-F stretching region, it is apparent that the cold, liquid helium
environment quenches the condensation energy so rapidly that the ﬁfth HF molecule is
kinetically trapped behind the small barrier to insertion into the cold, preformed tetramer
ring. The energy available to the metastable 4+1 cluster is insuﬃcient to surmount the
barrier to the lower energy cyclic pentamer.
The isomerization dynamics of solvated molecular complexes are studied with infrared-
infrared double resonance spectroscopy, consisting of two infrared lasers used in a pump-
probe conﬁguration. Binary systems with two minima on their potential surfaces are
chosen such that the vibrationally excited state energy is larger than both the isomer-
ization barrier and the dissociation energy. One of two possible isomers is vibrationally
excited. After the absorption of the ﬁrst infrared photon, the cold helium heat bath
removes the excited vibrational energy on a time scale that is fast in comparison to the
droplet ﬂight time between the upstream pump and downstream probe laser interaction
iv
regions. The probe laser is tuned through the vibrational bands of the two isomers,
and a negative (positive) signal in the double resonance spectrum corresponds to a re-
duction (increase) in the population of the probed isomer. We observe photo-induced
isomerization of the binary HCN-HF, HF-N2O, and HCN-HCCH complexes, while the
two isomers of HCN-HCCCN do not isomerize. The results are rationalized in terms of
the ab initio intermolecular potentials. When photo-induced isomerization is observed,
the downstream population ratios are observed to be strongly dependent on the identity
of the upstream isomer and the excited vibrational mode. These observations provide
strong clues regarding the mechanisms of the vibrational relaxation processes occurring
for molecular complexes solvated in liquid helium droplets.
v
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Chapter 1
Introduction
Cryogenic matrix isolation (MI) spectroscopy has proven to be an extremely powerful
technique for the isolation and spectroscopic interrogation of transient, metastable species
such as van-der-Waals complexes and reaction intermediates [1]. Unfortunately, although
the inert Ar, Ne, Kr, and N2 matrices are all at low temperature, the spectral resolution is
often quite poor, owing to matrix site-induced inhomogeneous broadening. Additionally,
structural information of the dopant is lost since the symmetry is no longer equivalent
to that of the isolated system. Instead, the total symmetry corresponds to that of the
matrix site and the dopant together. The use of liquid helium as the matrix alleviates
many of the annoying problems associated with MI spectroscopy. However, molecules
and atoms dispersed in liquid helium quickly diﬀuse through the liquid, condensing on the
dewar walls [2]. Consequently, there were many eﬀorts [35] to continuously dope liquid
helium with the molecular or atomic species of interest, the most successful being laser
ablation of the material directly immersed in the liquid [3]. Nevertheless, this technique
has only been successful in producing spectra of metal atoms, and no covalently bound
molecules or van-der-Waals complexes have been observed. By removing the container
walls, all of the problems associated with liquid helium MI spectroscopy are solved.
The content of this thesis concerns the spectroscopic interrogation of molecular aggre-
gates embedded in helium nanodroplets. Helium nanodroplet isolation (HENDI) spec-
troscopy has all the advantages of traditional MI spectroscopy, without the problems dis-
cussed above. In addition, many traditional molecular beam techniques can be applied
to HENDI spectroscopy, such as Stark and pendular spectroscopy, laser induced ﬂuo-
rescence, action spectroscopy, and various double resonance techniques. Indeed, HENDI
spectroscopy has been described as a perfect marriage between molecular beam and ma-
trix isolation spectroscopy [6]. The cold, inert, weakly interacting nature of liquid helium
droplets provides an ideal matrix [7] for many forms of molecular spectroscopy, often at
very high resolution. In this thesis, infrared laser spectroscopy is used to probe the ro-
tational and vibrational dynamics of molecular clusters embedded in and attached to
helium nanodroplets.
1.1 Rotational Dynamics
The ﬁrst spectroscopic study of a molecule doped in helium nanodroplets was carried
out by Goyal and co workers [8] in 1992. The droplets were doped by picking up
SF6 molecules introduced to the vacuum chamber, and a line tunable CO2 laser was
used to vibrationally excite the ν3 fundamental vibrational transition. From this early
experiment, it was already clear that helium droplets were special. The helium droplet
spectrum was much sharper than the analogous spectra of the molecule attached to
other rare gas clusters [912]. The experimental evidence was suggestive of a surface
bound species, while theory [13, 14] predicted SF6 would be solvated. Helium droplets
doped with SF6 were later studied using diode lasers in the same spectral region [15],
which lead to the ﬁrst rotationally resolved spectrum of a molecule solvated in helium
[16, 17]. The symmetry of the molecule was determined to be preserved in the liquid,
and the ν3 SF6 spectrum could easily be simulated with a spherical top Hamiltonian
and a rotational temperature of 0.37 K. Many of the most important aspects of helium
droplet spectroscopy were already present in this ﬁrst rotationally resolved spectrum. The
2
rotational resolution indicated that the molecule was in a highly symmetric environment,
conﬁrming the theoretical predictions of a solvated state. The slow rotational relaxation
times of SF6, observed as narrow line widths, were also indicative of the weakly interacting
nature of the liquid helium environment.
The rotational constant extracted from the ﬁt to the ν3 SF6 spectrum was reduced
by a factor of 3 in comparison to the gas phase value. The solvent enhanced moment of
inertia could be accounted for if 8 helium atoms rotated rigidly with the molecule attached
to the 8 three-fold binding sites on SF6. The model was rather crude, especially given
the high zero-point energy of the helium atoms. Nevertheless, the notion that a small
fraction of the total helium density adiabatically (without dissipating energy) follows the
motion of the rotor is one that has considerable theoretical support [16,1824].
From the relative SF6 line intensities, a 0.37 K rotational temperature was determined.
While this value is strictly a rotational temperature, it was in excellent agreement with
previous theoretical predictions [25] of the droplet temperature. Although the rotational
resolution indicates weak coupling between the molecule and droplet degrees of freedom,
the close agreement between the experimental and theoretical temperatures suggests that
the coupling is at least suﬃcient to bring the rotational and droplet degrees of freedom
into equilibrium on the timescale of the experiment (∼ 2 ms).
Shortly after the SF6 study, diode laser spectroscopy was also carried out for OCS [19],
again producing a rotationally resolved spectrum with a 0.37 K rotational temperature.
While the OCS spectrum was fully resolved in 4He droplets, the resolution was lost when
the OCS molecule was embedded in 3He droplets. The quenching of the rotational motion
in the (0.15 K) 3He droplets strongly suggested that the properties of 4He, characteristic
of the bulk bosonic quantum ﬂuid, were allowing OCS to rotate freely, without being
strongly perturbed by the solvent. Indeed, the long rotational coherence times are con-
sistent with the phonon gap up to 5 cm−1 observed for bulk superﬂuid 4He [26]. The
energy of the rotational states populated at 0.37 K fall in the gap where the density of
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bulk phonon modes is low [27]. As a result, the rotational motion of the embedded rotor
is weakly coupled to the droplet 'phonons'. However, in the 3He droplets, the density of
'bulk' excitations is much higher at the energies of the excited rotational states, hence
there is much stronger coupling leading to faster relaxation. In an elegant experiment
named the Microscopic Andronikashvili Experiment [19], considerable support was ob-
tained for the notion that the free rotation of dopant molecules is a direct microscopic
manifestation of superﬂuidity. Vilesov and co workers doped OCS into 3He droplets and
subsequently added small amounts of 4He. Due to the higher zero-point energy of 3He
in comparison to 4He, the 4He atoms clustered around the embedded dopant. Vilesov
found that by adding as few as 60 4He atoms to the 3He droplet, OCS again began to
rotate freely.
The deﬁnition of superﬂuidity in a ﬁnite helium droplet is a bit fuzzy, especially con-
sidering that the superﬂuid phase of liquid 4He (He II) is described in terms of bulk
thermodynamic quantities not well deﬁned for ﬁnite droplets [28]. There is now con-
siderable support [2934] for a description of the dynamics in terms of the quantum
mechanical exchange of helium atoms [20]. As helium is cooled below the λ line of the
phase diagram (T = 2.2 K), the de Broglie wavelength,
λT =
(
2pi~2
mkBT
)1/2
,
becomes larger than the interparticle separation in the ﬂuid, and the particles become
delocalized, losing their individual identities. At the droplet temperature, λT = 1.5 nm,
which is one fourth the total diameter of an N = 3000 atom droplet. Clearly quantum
mechanical eﬀects are crucial in determining the rotational dynamics of embedded rotors
[20,21,23,24,35].
The bulk He II superﬂuid phase has a continuous spectrum of excitations [27] char-
acterized by the phonon gap and the roton/maxon branch; in contrast, helium droplets,
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having a ﬁnite radius, have discrete collective modes corresponding to 'bulk' and surface
oscillations. In the context of the liquid drop model, Brink and Stringari [25] calculated
the lowest energy discrete 'bulk' excitation to be ωm = 26N−1/3 K, which is ∼1.8 K
for an N = 3000 atom droplet. As a result, there are no thermally populated 'bulk'
excitations at the droplet temperature. The discrete states of ﬁnite sized droplets can be
classiﬁed by three quantum numbers [36], namely (n, l,m), the number of radial nodes
and the angular momentum quanta. The states with l = m = 0 correspond to the 'bulk'
excitations that span the entire droplet. As the radius of the droplet increases, these
states resemble more the phonon/roton branches [37, 38] of the bulk superﬂuid phase.
The states with n = 0 and l ≥ 2 correspond to surface excitations. Higher l quantum
numbers correspond to surface excitations with more angular nodes and shorter wave-
length. As the size of the droplet approaches the bulk, the surface excitations begin to
resemble the ripplon1 excitations of the liquid-vapor interface of bulk 4He (He II) [39,40].
In contrast to the 'bulk' excitations, there are many surface states thermally excited at
the droplet temperature [25].
The surface excitations play a signiﬁcant role in maintaining the thermal equilibrium
of the droplet through surface evaporation, as discussed below. Indeed, recent microwave-
infrared double resonance experiments carried out for droplets doped with cyanoacetylene
support the conclusion that rotational relaxation proceeds via the coupling of the rota-
tional degrees of freedom to the bath of surface excitations. Nevertheless, it is important
to point out that, in general, the molecule is conﬁned to the interior of the droplet2 due to
a trapping potential [41,42]. The trapping potential originates from the favorable dopant
solvation energy, i.e. a decrease in the total free energy of the system upon solvation.
Additionally, the surface ripplons have limited penetration depths [43], leading to weak
1The term ripplon will be used throughout to describe the discrete spectrum of surface wave excita-
tions.
2There are notable exceptions, several of which are discussed in Chapters 9 through 11.
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coupling [41] between the surface excitations and the excited rotational states, hence the
long rotational coherence times.
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Figure 1.1: Homogeneous line width as a function of the energy diﬀerence between rota-
tional states of the same symmetry.
The ro-vibrational spectra of many molecules have been obtained over the last decade
since the ground breaking SF6 experiments, and many of the trends can now be estab-
lished. For heavier (B ≤ 1 cm−1) rotors, the rotational states fall into the droplet
'phonon gap', and long rotational lifetimes are the rule. However, for lighter molecules,
the energy of the excited rotational state is larger than the phonon gap (0 - 5 cm−1). For
these molecules, homogeneous broadening of rotational lines is observed and has been
attributed to near resonant energy transfer from the excited rotational state to the 'bulk'
modes of the droplet. For example, the R(0) line of HF [44] was homogeneously broad-
ened with a 0.43 cm−1 full width at half maximum (FWHM) line width. The energy gap
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between the J = 1 excited state and the ground J = 0 state is 40 cm−1, an energy that
corresponds to a high density of 'bulk' modes. In comparison, the FWHM line width of
the electric-ﬁeld induced, rotationless Q(0) line was 0.007 cm−1, attributed to inhomoge-
neous broadening sources. For the light rotors studied in helium, the transitions with line
widths determined to be homogeneous were compiled and plotted against the rotational
energy diﬀerence between states of the same symmetry (Figure 1.1). Clearly, as the en-
ergy gap increases, the lifetime of the excited state decreases. Also shown in the graph is
the density of states for bulk helium [27], showing that there is a correlation between the
line width and the state density, although the discrete spectrum of the droplet may be
diﬀerent from that for the bulk. Nevertheless, the trend is clear, providing support to the
direct coupling of the rotational motion to the 'bulk' droplet modes as the mechanism
for rapid rotational relaxation.
Important trends have also been established for the helium induced modiﬁcation of the
rotational constants. In general, if the rotational constant of the embedded rotor is less
than ∼1 cm−1, then a factor of 3 reduction in the rotational constant is observed, similar
to SF6. However, for lighter molecules, such as HF [44] the rotational period is too short
and the He-molecule interactions are too weak for the helium to adiabatically follow the
motion; as a result, the rotational constant is very similar to the gas phase value. Many
molecules with similar gas phase rotational constants (for example N2O and CO2 [45]) are
found to have quite diﬀerent constants in helium droplets. Recent experiments [4648]
and theory [33, 34, 4951] have now provided quantitative explanations for the observed
diﬀerences. The important diﬀerence between two molecules such as N2O and CO2 is in
the associated He-molecule potential energy surfaces. In a two-ﬂuid model [20,21] of the
surrounding solvent, the anisotropic He-molecule potential localizes a fraction of the total
helium density3, which will rotate rigidly with the molecule. The helium density that is
3These two fractions are deﬁned in the literature as being a normal ﬂuid and superﬂuid fraction. This
terminology is used throughout this thesis.
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far removed from the molecule is completely decoupled from the rotational motion. As
a result, diﬀerences in the He-molecule potentials for two otherwise 'similar' molecules
can have a profound eﬀect on the measured constants. More strongly interacting and
anisotropic potentials lead to greater increases in the moment of inertia. Although the
fully quantum calculations are far from routine, the tools exist to quantitatively predict
the eﬀects of the helium. A quantitative theory to account for the helium is required
if we are to make meaningful comparisons to ab initio calculations. This is especially
important given that novel species can be formed in helium droplets that would otherwise
be impossible to study with standard gas phase molecular beams.
1.2 Vibrational Dynamics4
While many aspects of the rotational dynamics of dopants in helium droplets have
become clear, the vibrational dynamics are not as well understood. However, for the vast
majority of systems studied thus far, it is clear that relaxation of the excited vibrational
state is fast in comparison with the ﬂight time of the droplets through the apparatus.
The result of the vibrational relaxation following optical excitation is the evaporation of
several hundred helium atoms from the droplets and hence an attenuation of the beam
ﬂux reaching the detector. As discussed in the following chapter, infrared spectra of
molecular impurities in helium droplets are obtained by monitoring this beam depletion
as a function of laser frequency.
There are exceptions, however, with the most notable being that the excited vi-
brational state of HF monomer in helium droplets does not relax before reaching the
detector (0.5 ms) [44]. The large mismatch between the vibrational frequency of HF and
that of the 'bulk' helium excitations precludes the quenching of the vibrational energy
on the experimental timescale. In fact, the simultaneous excitation of several hundred
4A modiﬁed version of this section will appear in an upcoming article in International Reviews of
Physical Chemistry.
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phonons/rotons would be required to accommodate the energy associated with exciting
the HF stretch. Certainly, this should be expected to be a rather slow process considering
the number of 'bulk' droplet modes involved. In contrast to the case of the vibrationally
metastable diatomic HF molecule, the relaxation times of vibrationally excited states of
polyatomic molecules, for example the fundamental [52] and ﬁrst overtone [53] of HCN,
are fast, resulting in the depletion of the droplet beam. The fundamental diﬀerence
between the diatomic and the polyatomic case is that there are now intermediate vibra-
tional states available in the polyatomic molecule such that relaxation can occur via a
cascading process where smaller amounts of energy are removed in each step, thereby
enhancing the rates.
An important example of this eﬀect is in the vibrational relaxation of the HF stretch
fundamental in the Ar-HF binary complex [54]. The formation of the complex and hence
the introduction of additional lower frequency vibrational modes allows for relaxation
prior to detection. The vibrational relaxation rate is accelerated in this case as a result
of the cascading process aided by the helium density of states, given that vibrational re-
laxation does not occur in the gas phase complex as a result of vibrational predissociation
or any other mechanism during the same timescale. The Ar-HF vibrational relaxation
rate was found to be strongly dependent on droplet size with an enhancement in the
rate with increasing mean droplet size. At the smallest droplet sizes, the relaxation time
again became slower than the droplet ﬂight time. This provides considerable support to
the above argument, given that the density of helium excitations increases rapidly with
increasing droplet size. Contrasting the results for Ar-HF, the complexes of HF with neon
up to and including ﬁve neon atoms do not vibrationally relax. Instead, the vibrational
energy is detected as an increase in the energy reaching the bolometer detector, as is
the case for the HF monomer. Apparently the HF stretch is too weakly coupled to the
additional vibrational states to provide an eﬃcient relaxation channel.
9
While depletion signals are observed for polyatomic molecules such as HCN and HC-
CCN [52, 55, 56], the lifetimes of the excited states are long such that the line width of
the spectra result predominately from inhomogeneous broadening mechanisms associated
with the ﬁnite size of the droplet [41] and the distribution of sizes in the beam [55]. How-
ever, it has been shown that the relaxation rates may be enhanced in polyatomic systems
resulting in homogeneous line widths if the vibrational states accessed are involved in
strong anharmonic resonances. For example, the line widths associated with excitation
to the upper diad of the CO2 (1001) / (0201) fermi diad [45] are modestly broader than
the corresponding lower diad line widths. The implication here is that relaxation from
the upper to the lower diad plays a role in the vibrational relaxation of the former. A
similar eﬀect was observed for the (2ν10+ν12), (ν2+ν12), ν11 resonance polyad of ethylene
in helium droplets [57] in which the line width of the upper member was twice that of
the others. It is interesting to note, however, that while the separation between the two
members of the (ν3 / ν1+ν4+ν5) fermi diad in acetylene (10 cm−1) [58] is even less than
for the previous two examples, the line widths for each member are the same. Neverthe-
less, a comparison of the R(0) lines of the isotopomers of acetylene in helium droplets
reveal that indeed the anharmonic resonance plays an important role in the vibrational
relaxation rate. In the series of isotopomers (12C2H2, 13C12CH2, 13C2H2, 12C2HD), the
line width decreases from 0.045 cm−1 for normal acetylene to 0.012 cm−1 in deuterated
acetylene. As the fermi resonance is detuned, the vibrational lifetimes increase, sug-
gesting that low frequency modes of the molecule to which the high frequency ν3 mode
is coupled are relaxed more easily to the helium excitations. The implication here is
that the most important aspect of anharmonic resonances in determining the relaxation
rates is the characteristics of the modes involved and how eﬃciently each member of the
resonance polyad is coupled to the bath of helium excitations.
Progress has also been made in understanding the vibrational dynamics associated
with the excitation of weakly bound binary complexes and how the helium modiﬁes the
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relaxation dynamics. For the case of the HCN dimer solvated in helium droplets [59],
it was found that vibrational excitation of the hydrogen bonded C-H stretch resulted
in a homogeneously broadened line width corresponding the an excited state lifetime 40
times shorter than that observed previously in the gas phase. The line width of the free
C-H stretch was much narrower and was attributed to an inhomogeneous broadening
mechanism. A similar eﬀect was observed for the linear HCN-HF binary complex [60],
with a more modest decrease of a factor of 2 in the vibrational lifetime for the bonded HF
stretch of the complex. These results are of considerable interest given that similar mode
speciﬁc behavior is observed in the gas phase spectra of weakly bound binary complexes in
which the vibrational predissociation rates diﬀer as a result of diﬀerent coupling strengths
of the intramolecular degrees of freedom to the lower frequency intermolecular modes.
The helium apparently plays an important role in enhancing the relaxation of the excited
dimer, possibly as a result of reducing energy gaps and accelerating the dissociation
process. However, up to this point it is still unclear as to whether or not systems of this
type undergo vibrational predissociation as is the case in the gas phase. If the complex
manages to dissociate, on some timescale, the helium is expected to act as a cage such
that the fragments are recombined. This question can be addressed with an infrared-
infrared double resonance (IR-IR DR) scheme as discussed in Chapters 6 through 8 of
this thesis.
1.3 In the remainder of this thesis...
In the following chapter, a thorough description of the apparatus and relevant ex-
perimental techniques will be discussed. In addition, attention will be given to concepts
such as droplet formation, pick-up statistics, and pendular state spectroscopy, since they
appear throughout this thesis. Chapter 3 will examine the unique process of cluster
formation upon successive addition of HF molecules to the droplet. The long-range in-
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teractions that drive cluster formation of the (HF)n species are universal and will be
revisited in later chapters. In Chapter 4, the discussion of vibrational dynamics is re-
visited, and the IR-IR DR technique is applied to the study of homogeneous broadening
mechanisms in the vibrational relaxation process. Chapters 5-8 are concerned mostly
with the use of IR-IR DR to study the isomerization dynamics following the vibrational
excitation of one of two isomers on the associated potential energy surface. The re-
sults provide strong clues regarding the mechanisms for vibrational relaxation of weakly
bound van-der-Waals complexes embedded in helium droplets. Chapters 9-11 discuss the
ro-vibrational spectroscopy of heliophilic/heliophobic complexes, such as HCN-Na, that
reside on the surface of the droplet. It was discovered that complexes of this type rotate
nearly freely about the surface of the droplet around an axis through the droplet center
of mass. Finally, a brief outlook for future directions is provided in Chapter 12.
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Chapter 2
HENDI Spectroscopy: Experimental
Design and Concepts
The most general aspects of Helium Nanodroplet Isolation Spectroscopy (HENDI)
are discussed here, with many of the molecular system dependent aspects described in
more detail in later chapters, as they arise. The content of the current chapter focuses on
helium droplet production, droplet doping, infrared laser excitation of the dopant, and
schemes for detection as the laser frequency is continuously tuned in the 2-4 µm region
of the infrared.
2.1 Droplet production
Liquid helium droplets1 are formed as a result of homogeneous nucleation in a nozzle
expansion [61], with helium gas, initially at rest, expanding through a small oriﬁce into
vacuum. It is appropriate to describe the droplets as liquid because helium, unlike any
other material found in nature, has no triple point, and the liquid and vapor phases can
coexist all the way to absolute zero. In 1961, Becker and collaborators [62, 63] were the
ﬁrst to use a nozzle expansion to produce liquid helium droplets, expanding 0.98 bar
1The following discussion, and all experiments carried out in this thesis, concern 4He droplets. The
terms droplet, nanodroplet and cluster are all valid and used interchangeably throughout.
helium through a 4.2 K, 150 µm diameter nozzle. In our spectrometers, droplets are
formed by the continuous (cw) free jet expansion of 99.9999% ultra-high purity helium
gas through a 5 µm diameter pin-hole nozzle. Once the pressure and temperature of
the gas in the nozzle reach certain critical values, droplets begin to condense in the
high pressure region of the expansion. The early stages of condensation proceed via the
growth of small precursor clusters, including the helium dimer, N = 2. As the pressure
in the expansion falls below the droplet's equilibrium vapor pressure, the droplet will
evaporatively cool to a ﬁnal temperature of ∼0.37 K. Below this temperature, the rate of
evaporation is negligible [25] during the ﬂight time of the droplet through the apparatus.
The expansion is both subcritical and supersonic, since the phase boundary from gas to
liquid is crossed after the gas exits the nozzle. Subsonic, supercritical expansions have
also been observed [64], although for much lower nozzle temperatures. In a supercritical
expansion, the helium is a liquid in the nozzle, and droplet formation occurs as a result
of cavitation or fragmentation of the liquid [65], producing much larger droplets than for
subcritical expansions.
Droplet formation is a statistical process, resulting in a distribution of sizes. There
were several experiments done in the early to mid 1990's to determine the nature of
the size [66] and velocity [67] distributions. Scattering experiments [66] were able to
determine that the statistical size distributions are log-normal, with the average and
standard deviation depending on the backing pressure, nozzle temperature, and nozzle
diameter. The log-normal (eqn. 2.1), mean (eqn. 2.4), standard deviation (eqn. 2.5), and
half-width (eqn. 2.6) were determined for a range of nozzle conditions [66,68], leading to
the empirically established scaling laws reported by Knuth et. al. [69].
PN(N) = (Nσ
√
2pi)−1 exp[−(lnN − µ)2/2σ2] (2.1)
µ = ln(N¯)− 1
2
ln[(S/N¯)2 + 1] (2.2)
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σ =
{
ln[(S/N¯)2 + 1]
}1/2 (2.3)
N¯ = exp(µ+ σ2/2) (2.4)
S = exp(µ+ σ2/2)[exp(σ2)− 1]1/2 (2.5)
∆1/2 = exp(µ− σ2)(exp(σ
√
2 ln 2)− exp(−σ
√
2 ln 2)) (2.6)
The parameters µ and σ (equations 2.2 and 2.3) are the mean and standard deviation
of the distribution of lnN . In addition, the most probable droplet size is deﬁned as
N˙ = exp(µ). The empirical scaling law for the mean droplet size, N¯ , was determined to
be [69],
ln(N¯) = 2.44 + 2.55 ln(Γ) (2.7)
where Γ is a dimensionless scaling parameter which is a function of the gas pressure,
temperature, and nozzle diameter. The standard deviation and half-width of the size
T(K) 50 bar 60 bar
14 16300 19200
15 12600 14900
16 9800 11600
17 7700 9100
18 6100 7200
19 4900 5700
20 3900 4600
21 3200 3700
22 2600 3000
23 2100 2500
24 1700 2000
25 1400 1700
26 1200 1400
28 850 1000
30 600 700
32 450 530
34 330 400
Table 2.1: Mean droplet sizes produced for a range of nozzle conditions at 50 and 60 bar
backing pressures.
distribution were found to vary approximately linearly with the mean droplet size [68],
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and were determined to be S = 0.65N¯ and ∆1/2 = 0.87N¯ , respectively.
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Figure 2.1: Log-normal droplet size distributions for various nozzle temperatures and a
50 bar source backing pressure. The mean droplet sizes are given in the legend
For 50-60 bar helium backing pressures, we observe droplet formation once the nozzle
is cooled below 34 K. The temperature of the nozzle can be decreased further to about
13 K, resulting in maximum average droplet sizes around N¯ = 20000. Several of the
log-normal size distributions are given in Figure 2.1, corresponding to the range of nozzle
conditions used for the experiments reported in this thesis. Clearly, lowering the nozzle
temperature increases the average droplet size and broadens the size distribution. Table
2.1 gives the mean droplet size in the beam for various source conditions.
The helium backing pressure can be varied from 10 to 70 bar, the upper limit being
determined by the pumping speed in the source vacuum chamber. While varying the
backing pressure changes the average droplet size, changing the nozzle temperature is
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preferable due to the availability of high precision temperature controllers. In practice,
the highest backing pressures producing the largest droplet ﬂuxes are desirable, since the
spectroscopic signal is directly proportional to the beam ﬂux, as discussed below. The
droplet ﬂux is proportional to P0d2T−1/20 , where d is the nozzle diameter. In an ideal gas
approximation, source conditions corresponding to P0 = 60 bar and T0 = 20 K produce
a ∼ 1020 He atoms/s gas load, or ∼ 5 Torr-L/s. Therefore a pump with a pumping
speed of ∼ 104 L/s for helium is required to keep the source chamber below 5 x 10−4
Torr, namely the operating limit of a standard diﬀusion pump. At these conditions, we
estimate2, from the spectroscopic signals, that ∼ 1013 droplets/s reach the detector.
X, Y Translation
Si Diode
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Nylon
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Filter
Stainless Steel
Teflon
Copper Foil
Kaptan Heater
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Stage
(50W, 50 K)
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(1W, 4.2 K)
Stainless Steel
Swagelock union
1/16" Cu Gas line
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Filter
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OFHC Cu braid
attached
OFHC Cu Lugs
via
Figure 2.2: Schematic diagram of the helium droplet nozzle.
2Only one in 102 droplets reach the detector as a result of beam divergence. Given a 104 atom droplet,
the fraction of the expansion consisting of droplets must only be about 10 %.
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The design of the nozzle is actually very simple, yet it is the most critical aspect of
a working helium droplet spectrometer. A schematic of the nozzle design is given in
Figure 2.2. The nozzle is simply a thin (50 µm) SS-304 or platinum disc with a laser
drilled, 5 µm aperture (Lenox Laser, see Figure 2.3) crimped to a 2′′ by 1/4′′ diameter
copper tube. The nozzle is clamped into an electronic grade, oxygen free (OFHC),
Figure 2.3: Laser drilled 2 µm nozzle oriﬁce.
copper pinch clamp, which is coupled to the second stage of a Sumitomo (1 Watt at 4.2
K) closed cycle helium refrigerator. The connection between the clamp and the cold head
consists of three Ag coated OFHC copper braids twisted tightly together to maximize the
thermal conduction cross section while minimizing the surface area. The copper braids
are perhaps the most essential part of the design. The braids decouple the nozzle from
the mechanical vibrations of the cold head, while at the same time providing a suﬃcient
thermal link between the nozzle and the second stage. In addition, the ﬂexible braids
improve the reproducibility of the X, Y translation of the nozzle. With this design, the
nozzle required no realignment over the course of many cool, warm cycles.
A cylindrical copper shield is attached to the ﬁrst stage (50 Watts at 50 K) of the cold
head to reduce the blackbody radiative load on the nozzle assembly. Since the blackbody
load is proportional to T 4, the load on the nozzle can be reduced by a factor of 1300.
In addition to cooling the shield, the ﬁrst stage also pre-cools the helium gas to further
reduce the second stage load. A 1/16′′ copper gas line is wrapped around the ﬁrst stage
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Figure 2.4: Helium droplet nozzle assembly above the second stage.
of the cold head several times before traveling to the second stage. The gas line then
wraps around the second stage several times to cool the gas to the nozzle temperature.
The two stages are decoupled by connecting the ﬁrst and second stage gas lines with a
stainless steel Swagelock union. The nozzle is connected to the second stage gas line via
another Swagelock union. A 0.5 µm stainless steel sintered frit ﬁlter is pressed ﬁt into
the center of this ﬁnal union. The frit ﬁlter removes any ﬁnal impurities remaining in
the gas and prevents the nozzle from becoming clogged. The temperature of the nozzle
is controlled with a PID feedback loop using a small Kaptan heater, a Lakeshore Si diode
thermal sensor, and a Lakeshore model 321 temperature controller. The temperature was
easily controlled and stabilized to ±0.05 K. The diode is mounted at the very front of
the nozzle clamp, and the wiring consists of four very small constantine wires to prevent
a measurement bias due to thermal leaks through the wires. In addition, the heater and
sensor wires are thermally sunk to both the ﬁrst and second stages of the cold head.
The nozzle assembly above the second stage is shown in Figure 2.4. A stainless steel
Swagelock union, shown on top of the nozzle clamp, is welded to a small rectangular
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stainless steel base which is separated from the nozzle clamp by a piece of Teﬂon of the
same size. A 6′′ long, 1/4′′ diameter stainless steel tube connects the above Swagelock
union to an aluminum pinch clamp mounted to an X, Y translation stage.
Laser Interaction              Detection
Figure 2.5: Schematic diagram of the helium droplet apparatus illustrating the four stages
of the experiment.
About 1 cm downstream from the nozzle, the expansion is skimmed to form a droplet
beam. The skimmer is a home made brass conical skimmer with a sharp, 0.4 mm aperture.
The distance from the nozzle and the steep angle of the ∼ 2.5 cm long skimmer were
optimized to minimize shock waves and backscatter of helium into the expansion. If the
skimmer aperture is too large, the pumping speed directly behind the skimmer becomes
a problem, depleting the beam. The 0.4 mm skimmer was ideal because it was small
enough to prevent the above problem, yet large enough to be machined properly, and
reproducibly. After being skimmed, the droplet beam passes through three diﬀerentially
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pumped chambers, corresponding to the doping chamber, the laser interaction chamber,
and ﬁnally the detection chamber (see Figure 2.5).
2.2 Droplet doping
As discussed above, helium droplets were produced in free jet expansions as early as
1961. It was not long before the potential of helium droplets to provide information on
ﬁnite quantum ﬂuids was realized. Unfortunately, since helium is optically transparent
below ∼24 eV, few experimental methods were available which could directly probe the
system. In recent years, however, methods have been developed to controllably dope
the droplets with almost any atom or molecule [7073], providing indirect probes of the
quantum ﬂuid. In fact, a helium droplet will pick-up virtually anything it comes into
contact with as it ﬂies through the apparatus. Indeed, while liquid helium is a rather
poor solvent, it is certainly better than vacuum. As a result, if a source can be designed
to introduce suﬃcient vapor pressure into the beam path, then the droplets can be doped
with almost any material imaginable.
The droplets are doped in the following experiments by passing the beam through one
or more pick-up cells, containing the vapor(s) of interest. In our apparatus, there are two
ways to introduce dopants to the droplet beam. The ﬁrst method consists of leaking gas
into a static, diﬀerentially pumped3, gas pick-up cell, using a very-ﬁne metering needle
valve. The second method consists of a load lock design which allows various pick-up
sources to be introduced either upstream or downstream the static gas pick-up cell. The
beauty of this design is that the vacuum does not have to be broken to introduce the
source, and multiple sources can be utilized on a day to day basis. The diﬀerential
pumping in the static cell spatially conﬁnes the vapor to a small region, such that the
location of other pick-up sources can be varied to control the pick-up order of two or more
3The static cell was pumped with a small 100 l/s turbomolecular pump, resulting in a baseline (gas
oﬀ) pressure of 1 x 10−7 Torr.
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distinct species. The load lockable pick-up sources used for the experiments presented
here consists mainly of metal oven sources designed to introduce about 1011 atoms/cm3
metal vapor into the beam path. Speciﬁc descriptions of these metal oven sources will
be given in later chapters as they arise.
When a droplet picks-up an atom or molecule, the dopants kinetic energy, internal
energy, and solvation energy is quickly cooled. The energy is transfered from dopant to
droplet by creating excitations in the ﬂuid. These excitations will eventually exchange
energy with atoms on the surface, leading to quantum evaporation. Each helium atom
takes away ∼ 5 cm−1 (7.2 K) of energy4 [25]. However, the rate of evaporation eventually
becomes negligible, leading to a microcanonical [75] system cooled to 0.37 K [16, 17]. If
the vapor pressure is high enough, the droplet may pick-up another atom or molecule.
The second atom or molecule is cooled as well through helium evaporation. The two
picked-up species rapidly ﬁnd each other5 in the droplet, attracted to each other due to
their long-range intermolecular interactions. As the two molecular sub-units condense
into a van-der-Waals complex (or perhaps a chemically bound system), the condensation
energy is similarly drained away by the evaporation process. Forming a complex such
as the HCN dimer [59] results in the evaporation of approximately 600 helium atoms.
In principle, the vapor pressure can be increased further such that extremely large [77]
clusters are formed in the droplets. In practice, though, the size of the cluster is limited
by the largest accessible cooling capacity, i.e. the largest possible droplet size.
As discussed above, the column density of the vapor determines the number of atoms
or molecules picked-up by the droplet. In fact, dopant pick-up is a statistical process, and
sequential pick-up of dopants leads to a distribution of cluster sizes formed in the droplets.
Each capture event (pick-up of dopant) is completely independent of all others, resulting
4In the context of the liquid drop model [74], this eﬀect is droplet size dependent, with E(N) =
−7.21 + 17.71N1/3 − 5.95N−2/3 (Kelvin).
5For HF-Arn [76], the ﬂight time between the two pick up zones (< 50 µs) was long enough for the
Ar atoms to form a cluster before encountering the HF molecule downstream.
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in Poisson pick-up statistics. It is reasonable to suspect that the probability of picking up
a dopant will be related to the geometric cross section of the droplet, σ = piR2 = 15.5N2/3
(R = 2.22 3√N from ρ = 0.0218 Å−3 and V = 4
3
piR3), and the column density of the vapor.
Indeed, it is now well accepted [72, 78, 79] that the probability that an N atom droplet
picks up k molecules at a given gas density, η, is given by the Poisson distribution,
P (k,N) =
(βN2/3)k
k!
exp(−βN2/3) (2.8)
where β = 15.5ηL is a dimensionless parameter, and L is the length of the pick-up zone.
The maximum of the Poisson distribution occurs when βN2/3 = k, and, as a result, the
pick-up of k = 2 molecules will optimize at twice the gas density required to optimize
the monomer.
We can now deﬁne the occupation probability, Pocc, as the probability that a droplet
of size N has been produced and has picked up exactly k atoms or molecules:
Pocc(k,N) = PN(N) ∗ P (k,N) (2.9)
with PN(N) given in equation 2.1. Since Pocc is a probability, by deﬁnition,
∞∑
k=0
∫ ∞
0
Pocc(k,N)dN = 1 (2.10)
With this equation, it is simple to determine the fraction of droplets in the distribution
that contain k molecules when the experimental conditions are such that Pocc(k,N) is
a maximum for a given k. For k = 1, at most ∼ 35% of all droplets contain only one
molecule, and this percent drops as k increases. We will revisit the deﬁnition of Pocc(k,N)
in Chapter 4. It is interesting to note that the pressure (p = ηkT ) required to maximize
Pocc(k,N) for k = 1, N¯ = 3000, and L = 2 cm is on the order of 10−4 Torr. This value is
104 times lower than the pressure typically required to coexpand a species with a carrier
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gas in a supersonic expansion. This point cannot be overemphasized; doping beams
of liquid helium droplets makes possible the spectroscopic study of sensitive materials
that would otherwise thermally decompose at the temperatures required for gas-phase
coexpansions.
2.3 Infrared laser spectroscopy
Infrared laser spectroscopy is an ideal method for probing both the structure and
dynamics of molecular dopants embedded in helium droplets and the dynamics of the
droplet, using the molecule as a handle. The infrared spectra of smaller molecular systems
are often rotationally resolved due to the weakly interacting and superﬂuid nature of the
solvent. As discussed in the previous chapter, the long rotational coherence times are
a manifestation of the lack of 'bulk' droplet excitations at the energies of the excited
rotational states. At the temperature of the droplet (0.37 K), the rotational contours
only span about 1 cm−1, and this width is often smaller than the shifts that result
from complexation of one molecule with another. As a result multiple isomers and/or
oligomers are easily resolved [80] in the spectral region accessible to our lasers, namely
the H-X stretching region of the infrared (2-4 µm). Vibrational excitation of dopant
molecules leads to the evaporation of several hundred helium atoms. Again, in most
cases6, putting internal energy into the system leads to the creation of droplet excitations,
which eventually results in evaporation, at least on the timescale of the experiment (∼ 1
ms). Assuming each atom removes 5 cm−1 of energy [25], a 3000 cm−1 excited vibrational
state will lead to the evaporation of 600 helium atoms. It is this reduction of the on-
axis beam ﬂux that allows us to acquire an infrared spectrum of the dopant molecule.
Using phase-sensitive techniques (mechanically chopping the infrared laser), a thermal
bolometer detector measures, as a function of laser frequency, the diﬀerence in the beam
6See section 1.2 for the few exceptions.
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energy with and without the laser. The various lasers and laser techniques applied in
each experiment will be described in more detail in the following chapters, and we focus
here on the general aspects of the laser induced depletion technique.
After the droplets have been doped in the second stage of the apparatus, they pass
into the third diﬀerentially pumped stage containing the laser multipass (MP) cell [81],
shown schematically in Figure 2.6. The MP cell is simply two parallel gold mirrors aligned
Figure 2.6: Schematic diagram of the linear laser multipass cell equipped with Stark
plates.
such that the laser beam will intersect the droplet beam 50-100 times. The laser beam
is focused into the MP cell with a 2 meter / 1 meter telescope, and we easily achieve
a factor of 50 improvement in the sensitivity in comparison to a single pass alignment.
For the two infrared laser double resonance experiments, spherical mirror MP cells were
used (see Figure 2.5). In the spherical MP arrangement, the laser beam enters at a slight
angle through a small hole in the top mirror. A 15 cm short focal length lens focuses the
light to the center of the MP cell, and the spherical mirrors refocus the light for every
pass. This arrangement has the advantage of producing a small photolysis volume, and
with two spherical mirror MP cells, we obtain a well deﬁned spatial separation between
the upstream pump and the downstream probe.
Vibrational excitation followed by relaxation and helium evaporation results in he-
lium atoms scattered to a mean lab-frame angle of ≈ 10◦ [6]. As a result, the evaporated
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helium atoms largely miss the downstream bolometer detector. As described above, the
vibrational relaxation induced depletion of the beam is recorded as a function of infrared
laser frequency. The thermal detector used to monitor this depletion is a doped silicon
bolometer (Infrared Laboratories) mounted to the copper baseplate of a liquid helium
dewar (see Figure 2.6). A thin 5 mm x 2 mm (long axis vertical in our apparatus) dia-
mond collector is mounted to the surface of the bolometer to enhance the active detector
surface area. The vapor pressure above the liquid helium in the dewar is lowered with a
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Figure 2.7: Schematic diagram of the bolometer circuit. The bias source is a 15 V
mercury battery and the reference load resistor is 20 MΩ.
small mechanical pump, reducing the operating temperature of the bolometer to 1.6 K.
Since the liquid is superﬂuid at this temperature, the bolometer is connected to a very
stable thermal bath. The lowered temperature and increased stability reduces the inher-
ent Johnson noise (thermal ﬂuctuations), along with lowering the heat capacity of the
doped Si bolometer. The latter consequence is particularly important since we measure
the electrical response of the bolometer due to a temperature change. By lowering the
temperature to 1.6 K, the same power input results in a larger bolometer temperature
rise.
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A schematic of the bolometer circuit is given in Figure 2.7. The bolometer is biased
with a stable 15 Volt mercury battery, and a 20 MΩ load resistor is chosen to be much
larger than the resistance of the bolometer, resulting in a constant current. With a con-
stant current, small deviations in the bolometer's resistance associated with temperature
changes can be converted to voltage changes that are ampliﬁed and easily measured with
a lock-in ampliﬁer and phase sensitive techniques. First stage ampliﬁcation is accom-
plished with a small JFET transistor, which is mounted onto the cold stage next to
the bolometer. The JFET location was chosen to reduce the length of the wires from
the detector to the ampliﬁer, hence reducing the microphonic noise originating from the
mechanical vibrations of the nozzle coldhead. The responsivity of the bolometer as mea-
sured in volts of output per Watts of input is S = 7.2 x 105 V/W, with a background
(Johnson limit) noise of about 50-100 nV/√Hz. This leads to a sensitivity on the or-
der 10−13 W/√Hz (noise equivalent power). From a simple Newtons law back of the
envelope calculation, a droplet beam with 1012 N = 3000 droplets/s traveling at 450
m/s will result in 1.4 Volts of signal. However, only one in 102 droplets hit the detector
element due to the natural divergence of the beam along with the ∼ 80 cm long path
between the nozzle and the detector. As a result, we would expect 14 mV of droplet
beam signal, but in practice it is 5 times lower than this value. Unfortunately, much of
the droplet beam kinetic energy is wasted as it is used to evaporate and/or fragment the
droplet upon impact with the detector. For an N = 3000 helium atom droplet, assuming
the binding energy is pair-wise additive (ie. 5 cm−1 per helium atom [25]), we estimate
that as much as 30 nW of power is lost, corresponding to ∼ 2 mV of beam signal. In
general, we ﬁnd that for the C-H stretch R(0) line of HCN (I ' 120 km/mol), 5 mW
from the F-Center laser focused into the linear MP cell leads to about 1.0-1.5 % depletion
of the beam signal, corresponding to 28 to 42 µV of laser induced depletion signal, or
a signal to noise ratio of 560:1 to 840:1. However, the transition intensity of heavier
molecules is spread out over several thermally populated rotational states, making the
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sensitivity correspondingly less. Nevertheless, as described in the next section, the search
for weak transitions can be greatly facilitated with the pendular state technique, which
collapses the rotational structure into a single peak centered near the band origin (i.e.
for transitions having transition moments parallel to the laser electric ﬁeld).
2.4 Pendular state spectroscopy
In the presence of a strong lab-frame DC electric ﬁeld, the dipole moment of a polar
molecule will experience a torque, and the molecule will experience some degree of lab-
oratory frame orientation. If the interaction of the permanent dipole moment with the
electric ﬁeld ( ~µp · ~E) can be made large in comparison to the rotational energy of the
molecule, the degree of orientation will be substantial [82,83]. In the high-ﬁeld limit, the
dipole moment will librate about the ﬁeld direction, the classical analog being a pendu-
lum, with the zero-point motion being essentially that of a harmonic oscillator conﬁned
to the nearly harmonic µpE cos(θ) potential.
The spectrum of a polar molecule changes drastically as the ﬁeld strength is increased.
For example, turning on a small ﬁeld causes J to no longer be a good quantum number.
The quantum number M (projection of the angular momentum onto a lab frame axis)
is still valid, and the |M | degeneracy is lifted by the ~µp · ~E interaction, causing a rather
congested ro-vibrational spectrum. As the ﬁeld strength is further increased, the spec-
trum simpliﬁes again as the molecule becomes harmonically bound by the ﬁeld. In this
limit, the transitions are reminiscent of those of the harmonic oscillator, that is, they all
occur at the same frequency. With the laser polarization aligned parallel to the external
electric ﬁeld, ∆M = 0 is the operative selection rule for transitions with transition mo-
ments parallel to ~µp. Assuming the dipole moments and rotational constants are similar
in the ground and excited vibrational states, the pendular transitions all pile up at the
same frequency near the vibrational band origin [82], enhancing the peak intensity and
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considerably simplifying the spectrum. In addition to the above intensity gain, the inten-
sity of the transition can be additionally enhanced by as much as a factor of 3, owing to
parallel transition moments being better aligned on average with the laser electric ﬁeld
as a result of the lab-frame orientation.
With practical electric ﬁeld strengths, signiﬁcant orientation can be achieved for polar
molecules in helium droplets [80]. At the droplet temperature, the average rotational
energy is indeed quite small in comparison to ~µp · ~E for dipole moments of a few Debye
and E = 30 kV/cm (µpE = 1.5 cm−1). The work presented in this thesis concerns
molecular species with rotational constants less than about 0.05 cm−1, all of which are
easily transferred to the pendular regime with a 30 kV/cm ﬁeld.
Shown in Figure 2.6 are two polished, parallel, stainless steel electrodes used to apply
the electric ﬁeld to the laser interaction region. The electrodes are orthogonal to the MP
mirrors and are each mounted on individual translation stages. By chopping the droplet
beam, the total beam signal on the bolometer can be monitored as the electrodes are
moved towards the beam path. The position of each electrode is ﬁxed as soon as beam
depletion is observed. The resulting minimum electrode separation is about 2.3 mm, and
applied voltages up to 20 kV are easily achieved, giving electric ﬁeld strengths as high as
90 kV/cm. A series of spectra corresponding to the ν1 fundamental of Cyanoacetylene
(HCCCN) were recorded at various electric ﬁeld strengths and are shown in Figure 2.8.
Since HCCCN is a linear polar molecule, and the ν1 transition is a parallel band, the
spectrum evolves from the P and R branch structure of a free rotor to the harmonically
bound spectrum of a pendular librator. It is clear from this example that the sensitivity
of the technique is improved when the ﬁeld is applied, and even the weakest bands coming
from impurity species can be observed. For example the small peaks to the blue and red
of the HCCCN pendular band are assigned to complexes of HCCCN with N2 that was
picked up by a fraction of the droplets due to the background pressure in the vacuum
chamber (∼ 1 x 10−7 Torr).
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Figure 2.8: Evolution of the ν1 HCCCN spectrum as the molecule transitions between
the free rotor and pendular librator regimes.
As discussed above, the average number of molecules picked up by the beam is depen-
dent on the column density in the pick-up region. Once again, since the pick-up process
is statistical, a variety of cluster sizes are observed in the infrared spectrum at a ﬁxed
pick-up cell (PUC) pressure. Using the pendular technique discussed here, it is a simple
matter to sort out which bands belong to which species. An ion gauge is attached to the
diﬀerentially pumped PUC so that the instantaneous pressure can be measured while
simultaneously recording the pendular peak signal intensity. Figure 2.9 shows the vari-
ation of the (HCN)n (n =1-5) pendular peak intensities as the PUC pressure is varied.
Clearly, the pendular peaks belonging to the larger clusters optimize at higher pressures.
In fact, as was predicted in the previous section, the dimer band is optimized at roughly
twice the pressure required to optimize the monomer. By comparing the PUC pressure
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Figure 2.9: Pick-up cell pressure dependence curves for the (HCN)n oligomers (n = 1−5).
The smooth curves are ﬁts to the Poisson curves described in the text. Note that the
dimer is optimized at twice the pressure of the monomer etc.
dependence curves, the cluster size responsible for a band in the (X)n-(Y)m-(Z)l · · · (X,
Y, Z being an atom or molecule) pendular spectrum can be assigned.
2.5 Infrared-infrared double resonance spectroscopy
Many of the experiments required the use of two infrared lasers, spatially separated
by 8 cm7. The upstream pump was without exception an periodically poled lithium
niobate (PPLN) optical parametric oscillator (OPO). The cw power of the OPO (∼ 100
7An 8 cm separation corresponds to approximately a 200 µs droplet ﬂight time between laser inter-
action regions
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mW) is 10 to 20 times that of the F-center laser used as the downstream probe in these
studies. A more detailed discussion of the lasers is given in the chapters that follow. As
mentioned above, two spherical mirror multipass cells are used to focus multiple passes of
the infrared OPO and F-Center laser onto the droplet beam. The two mirrors were also
equipped with Stark electrodes so that the molecules could be oriented in the lab-frame,
giving us the advantages of the pendular state technique.
The infrared-infrared double resonance (IR-IR DR) experiment was designed to mea-
sure how the infrared spectrum of one molecule changes when the same or another
molecule is vibrationally excited. Therefore, the spectrum of interest is the diﬀerence
spectrum, with and without the pump. We found that the most convenient modulation
scheme was to modulate the pump (150 Hz) while scanning the unmodulated probe. Fix-
ing the pump frequency to the peak of a pendular band, scanning the probe measures the
vibrational excitation induced net change in the pendular spectrum. There are several
motivations for developing the IR-IR DR technique. One is the possibility of studying
product species downstream after photo-initiating a reaction by pumping a metastable
species upstream. Second, if there are two or more isomers present in the beam, then
it is likely that we can observe photo-induced isomerization. If vibrational excitation
leads to reaction or isomerization, then the population of the product species increases
downstream. The above modulation scheme is then eﬀectively modulating two relative
populations, namely the downstream reactant and product populations. Moreover, the
two populations are being modulated 180◦ out of phase of one another. Processing the
bolometer signal with a lock-in ampliﬁer, an increase in the product population is ob-
served as a positive peak in the DR spectrum while a decrease in the reactant population
results in a negative peak.
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Chapter 3
The Growth of HF Polymers in Helium
Nanodroplets: Probing the Barriers to
Ring Insertion
We report the ﬁrst experimental observation of (HF)n (n=4,5,6) clusters, grown in he-
lium nanodroplets. The structures of these complexes are determined from infrared laser
spectroscopy, recorded in the spectral region from 3100 cm−1 to 3900 cm−1. Compar-
isons with previous gas phase spectra and ab initio calculations indicate that the helium
solvated tetramer is cyclic, suggesting that the barrier to inserting an HF into a pre-
formed cyclic trimer is small. In contrast, the cyclic pentamer is not observed. Instead,
we observe four of the ﬁve H-F stretching vibrational bands of a new isomer of (HF)5,
corresponding to a tetramer ring to which a ﬁfth HF is hydrogen bonded. A large static
electric ﬁeld is used to establish that this (HF)5 isomer is indeed polar and to measure the
angle between the permanent dipole moment and the transition dipole moments for these
vibrations. These vibrational transition dipole moment angles (VTMAs) and the corre-
sponding vibrational frequencies are also calculated at the MP2 / 6-311++G(3df,3pd)
level of theory. Comparisons between the experimental and calculated VTMAs and the
vibrational frequencies provide convincing evidence for the formation of this 4+1 iso-
mer. The results are rationalized in terms of the available intermolecular potentials for
these systems.
3.1 Introduction
Recent studies in helium nanodroplets have revealed that the growth of clusters under
these low temperature conditions can lead to the formation of metastable species [80,84,
85]. We have explained this in terms of the fact that the helium acts to eﬃciently quench
the condensing molecules so that the system's internal energy remains low at all times.
Thus, if the system enters a local minimum on the potential energy surface, it may become
trapped there, the helium having cooled the system before it can surmount the barrier to
the global minimum. Examples of this include the formation of long chains of HCN [84]
and HCCCN [80] and the cyclic isomer of (H2O)6 [85, 86]. Experiments of this type can
provide us with insights into the barriers between minima on a complex energy landscape
and aid in understanding the pathways for rearranging hydrogen bonding networks, such
as those controlling the dynamics of liquid water. In the present study we investigate the
formation of (HF)n clusters in helium for n>2.
Hydrogen ﬂuoride clusters have been the subjects of extensive experimental and the-
oretical studies and have become benchmark systems for the study of hydrogen bonding.
The dimer is of particular interest, given that it provides a means of directly probing
the pair potential. In addition, it undergoes wide amplitude tunneling, making the cor-
responding spectroscopic observations particularly sensitive to the barrier between the
equivalent minima on the potential surface. The structure and tunneling dynamics of the
HF dimer was originally studied experimentally using microwave spectroscopy [87, 88].
Other vibrational states of the dimer have subsequently been studied using near [8992]
and far [93] infrared spectroscopy. Photodissociation experiments have also been carried
out for several diﬀerent excited vibrational states [94, 95], providing detailed informa-
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tion on both the dissociation energy of the dimer and its state-to-state dynamics. This
extensive database has inspired many theoretical studies, with the result being the de-
velopment of accurate potential surfaces [96] that quantitatively reproduce essentially all
of the data. Most recently, we have carried out a rotationally resolved infrared study of
HF dimer solvated in helium nanodroplets [97], the goal being to study the eﬀects of the
solvent on the vibrational/tunneling dynamics of the dimer.
It is now well established, from both experiment [98106] and theory [107113], that
the most stable isomers of the larger polymers of HF are all cyclic, at least up to n = 7.
A recent combined experimental/theoretical study of the H-F out-of-plane libration fun-
damental band of the tetramer provided conclusive evidence for its cyclic structure [114].
Although the H-F stretch vibrational spectrum of (HF)3 is not rotationally resolved,
the (DF)3 spectrum does show rotational ﬁne structure which conﬁrms its cyclic struc-
ture [99, 100]. Indeed, the cyclic structures of these complexes are all well established.
A previous study of the HF trimer in helium droplets conﬁrmed that the cyclic struc-
ture is formed by sequential HF pick-up [97]. By studying large clusters (n≥4), we address
here the issue of whether or not molecules that approach a pre-formed cyclic complex
in helium can insert into the ring. This is clearly necessary if the cyclic motif is to be
continued, as seen for (H2O)n previously [86]. If not, we would expect to observe a new
class of structures, consisting of a cyclic ring with one or more HF molecules attached on
the outside. In the present study the structures of the complexes formed in helium are
determined by infrared laser spectroscopy. We make use of a large electric ﬁeld to aid in
the assignment of the observed spectra. This method is based on the use of a polarized
laser, aligned either parallel or perpendicular to the applied ﬁeld. If the complex pos-
sesses a permanent dipole moment it will be oriented with the applied ﬁeld. Under these
conditions, the angle between the vibrational transition moment for various modes and
the permanent dipole moment can be determined from the ratio of the signal intensities
obtained with the two laser polarization directions. The experimentally determined vi-
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brational transition moment angles (VTMAs) and vibrational band origins are compared
to ab initio values, also reported here. As shown below, these results provide unambigu-
ous structural information for the system studied here. We ﬁnd that the addition of a
fourth molecule to a droplet containing a cyclic HF trimer results in ring insertion and
the formation of a cyclic tetramer. Nevertheless, the addition of a ﬁfth molecule results
in the formation of the 4+1 complex, namely a tetramer ring with the ﬁfth molecule
hydrogen bonded to one of the ﬂuorine atoms in the ring. These experimental results
are in good agreement with recent theoretical calculations of the transition state energies
between these n+1 and cyclic structures [108].
3.2 Computational Method
There have been numerous calculations of the structures and relative energies of
various isomers of the (HF)n complexes [107113]. Unfortunately, vibrational frequencies
have only been reported for some of these and the VTMAs needed in the present study
have not been reported. As a result, we carried out ab initio MP2 calculations for a
number of the important species using a 6-311++G(3df,3pd) basis set [115]. Table 3.1
summarizes the vibrational frequencies, intensities, and VTMAs for the cyclic trimer
and tetramer, along with the 3+1 and 4+1 complexes. A scale factor of 0.953103
was used to bring the calculated harmonic vibrational frequency of the cyclic trimer into
agreement with the known vibrational band center in helium droplets, namely 3709 cm−1.
The harmonic frequencies calculated for the other complexes were then scaled using the
same scale factor.
3.3 Experimental Method
A detailed description of the apparatus used in the present study can be found in
Chapter 2, so that only a brief description is given here. The stagnation pressure behind
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ω Int. ωscaled νexp αcalc αexp
Isomer cm−1 km/mol cm−1 cm−1 degrees degrees
Trimer 3891.5 1345.3 3709.0 3709 · · · · · ·
3+1 3673.9 608.8 3501.6 · · · 40.8 · · ·
3864.2 500.2 3683.0 · · · 77.2 · · ·
3988.3 471.9 3801.3 · · · 8.8 · · ·
4056.4 297.9 3866.2 · · · 2.0 · · ·
Tetramer 3617.6 3613.7 3447.9 3438 · · · · · ·
4+1 3329.5 730.3 3173.9 3174 33.0 · · ·
3553.2 1314.5 3386.6 3385 83.8 72±5
3659.1 1234.0 3487.5 3489 15.5 22±5
3780.0 640.3 3602.7 3593 39.7 49±3
4077.1 349.2 3885.9 3876.1 2.1 35±2
The harmonic frequencies were scaled by a factor of 0.953103, determined from the ratio of
the experimental, νexp, and calculated trimer vibrational frequencies. The experimentally
determined VTMAs, αexp, were obtained by the polarization ratio procedure described
in the text.
Table 3.1: Harmonic Vibrational Frequencies, ω, Intensities, and the VTMAs, αcalc,
Calculated at the MP2 / 6-311++G(3df,3pd) Level of Theory, for Various HF Complexes
the ∼ 20 K nozzle was maintained at approximately 50 atmospheres, resulting in the
formation of droplets with a mean diameter of approximately 7 nm (4,000 atoms) [66,69].
After passing through a skimmer, the droplets enter a 4 cm-long pick-up cell. A needle
value was used to regulate the ﬂow of HF into the cell, and the pressure was varied to
control the number of molecules captured by the droplets [17]. The seeded droplets then
pass through a linear multipass/Stark cell, where laser excitation occurs. Down stream
of the laser interaction region is a bolometer detector, used to measure the energy of the
helium beam.
A cw F-center laser (Burleigh FCL-20) was used to vibrationally excite the H-F
stretches of the complexes formed in the droplets and subsequent vibrational relaxation
resulted in the evaporation of several hundred helium atoms (5 cm−1 per atom) [25]. The
absorption spectrum was then obtained by recording the reduction in the ﬂux of helium
atoms to the bolometer [59]. The spectrum was made background free by modulating the
laser and using phase sensitive detection methods. To cover the entire range of the HF
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cluster spectrum (2.5 to 3.2 µm), it was necessary to use both crystal #2 (KCl:Li) and
#3 (RbCl:Li), pumped by 3.6 Watts and 1.4 Watts of all-lines red from a krypton ion
laser (Coherent Sabre). Due to the broad homogeneous line widths characteristic of the
(HF)n spectrum, the laser was scanned in a low resolution mode, corresponding to the
coarse tuning of a Littrow mounted diﬀraction grating [116]. As a result, the laser power
was smoothly transfered between two cavity modes separated by 21 GHz, as determined
by the free spectral range of an intra-cavity etalon (ICE). To average the laser power
over the two modes, the ICE was rapidly scanned (20 ms time constant) over the full
21 GHz range as the grating was slowly tuned. The highest frequency (HF)4 band was
scanned in a higher resolution mode, which corresponds to tuning the ICE and grating
simultaneously. For this tuning mode, the laser hops between successive longitudinal
cavity modes separated by 300 MHz. Further details on the tuning and calibration of
the laser frequency can be found elsewhere [90].
A set of Stark electrodes was positioned orthogonal to the multipass cell, and a
large DC electric ﬁeld was applied to the laser interaction region [80]. The laser electric
ﬁeld direction was aligned either parallel or perpendicular to the applied ﬁeld direction.
This was useful in the case of the n+1 complexes, which possess a large permanent
electric dipole moment. Although the vibrational bands observed here are not rotationally
resolved, and the band shapes are unaﬀected by the ﬁeld, the intensity of the bands
change upon application of the ﬁeld [82, 83]. For the case of a small VTMA, with the
laser polarization parallel to the applied ﬁeld, the intensity of the band increases upon
application of the ﬁeld. For large VTMAs (> 54.75◦) the intensity decreases in parallel
polarization. The electric ﬁeld was calibrated by recording a Stark spectrum of the R(1)
transition of gas phase HCN using the same electrode conﬁguration. This was done by
turning oﬀ the helium droplet beam and increasing the HCN pressure in the pick-up
cell so that it acted like an eﬀusive source of gas phase molecules. These measurements
yielded a ﬁeld of 41.26 kV/cm for the experiments reported here.
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3.4 Experimental Results
Figure 3.1 shows a comparison between the spectrum of HF polymers formed in helium
droplets with that of the gas phase (molecular beam) spectrum. Similar gas phase spectra
have been reported previously [102,103,105,106], and the assignment of the various bands
to the cyclic clusters is well established. There are clearly signiﬁcant diﬀerences between
the two spectra, the ﬁrst qualitative indication that cluster formation in helium is indeed
diﬀerent from that in a free jet expansion. Two of the peaks in the helium droplet
spectrum are easily assigned to the cyclic trimer and tetramer, as indicated in the ﬁgure.
Note that the gas phase spectrum shown in the ﬁgure was recorded using conditions where
the larger clusters are optimized and the trimer is not observed. Nevertheless, the trimer
spectrum is well known [98, 99, 117, 118] and the assignment is clear. Supporting this
assignment is the fact that the helium solvated trimer band is completely unaﬀected by
the electric ﬁeld, indicating that the corresponding complex is non-polar, as is certainly
the case for the HF trimer [87, 107, 119]. The gas phase trimer band is centered at 3712
cm−1, while in the helium droplet spectrum it is located at 3709 cm−1, corresponding to
a solvent shift of 3 cm−1.
The largest peak in the helium spectrum is assigned to the cyclic tetramer. Anhar-
monic frequency calculations yield a fundamental HF stretching frequency for the cyclic
tetramer of 3433 cm−1 [102] in good agreement with the corresponding helium droplet
frequency, namely 3437 cm−1. Ab initio harmonic frequency calculations were carried
out as part of the present work and were scaled to agree with the experimental trimer
frequency. The same scale factor used for the tetramer gives excellent agreement with
the experimental result, as shown by the vertical bars in Figure 3.1. The heights of these
bars represent the calculated transition moments of the two complexes, the relative in-
tensities also being in good agreement with experiment. Note that the conditions used
to record the helium droplet spectrum were optimized for forming the tetramer. Under
these conditions, the concentration of trimer, tetramer and pentamer in the droplets will
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Figure 3.1: A comparison between the IR spectrum of HF polymers formed in helium
droplets and that of the corresponding gas phase (molecular beam) species. The stick
spectrum corresponds to the scaled vibrational frequencies and intensities for the cyclic
trimer and tetramer determined from the ab initio calculations. A scale factor of 0.953103
is applied to the calculated harmonic frequencies, as needed to bring the calculated
trimer frequency into agreement with the experimental result. The ab initio intensities
were scaled to agree with the experimental intensity of the tetramer. The HF pick-up
cell pressure was optimized for the pick-up of four HF molecules. The calculated and
experimental tetramer/trimer intensity ratios are 2.69 and 2.71, respectively.
be rather similar. The same intensity scale factor was used for all of the complexes con-
sidered here. Once again, application of an electric ﬁeld did not change the intensity of
the tetramer band.
It is interesting that the tetramer band is not evident in the gas phase spectrum. This
observation has been discussed previously in the literature and is thought to be the result
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of the fact that the tetramer has a larger dissociation energy than the corresponding HF
vibrational energy [120123]. As a result, in the gas phase the tetramer likely does not
dissociate in the vibrationally excited state. Although the bolometer used in these studies
could in principle see the corresponding increase in energy associated with vibrational
excitation of the complex, the sensitivity for this type of detection is lower than for the
case where the complex dissociates [103]. In the case of the helium droplet spectrum,
detection is no problem since dissociation of the complex is not necessary, but only
vibrational relaxation leading to evaporation of helium.
Since the average time between pick-up events is rather long (∼25 µs, based on a
droplet beam velocity of 400 m/s and a pick-up cell length of 4 cm, optimized for the pick-
up of four molecules), we can be rather conﬁdent that the trimer ring is already formed
and cooled by the time the fourth molecule is captured. Thus the observation of the
cyclic tetramer indicates that ring insertion is indeed occurring in this case. To test this
further, we carried out ab initio calculations for the 3+1 complex, scaling the frequencies
as discussed above. The resulting spectrum is compared with the experimental results
in Figure 3.2. The band that is predicted at 3801.3 cm−1 is completely absent in the
experimental spectrum, indicating that the ring insertion process completely dominates
and that the 3+1 isomer is not stabilized by the helium.
In the gas phase spectrum, the bands that are centered at 3302 cm−1 and 3245 cm−1
correspond to the non-polar cyclic pentamer and hexamer, respectively [102, 103]. This
is consistent with the fact that they are completely unaﬀected by the application of a
large electric ﬁeld. Although two bands are observed in the helium droplet spectrum in
this general region (namely at 3235 cm−1 and 3280 cm−1), they are assigned to polar
complexes, given that they do respond to the ﬁeld. We can therefore conclude that the
cyclic clusters larger than the tetramer are not formed in helium droplets (to within our
sensitivity limits). The implication is clearly that the pick-up of a ﬁfth HF does not
result in ring insertion into the existing cyclic tetramer.
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Figure 3.2: The spectrum of HF polymers in helium droplets compared to the stick spec-
trum of the scaled ab initio vibrational frequencies and intensities for the 3+1 isomer.
The scale factors determined from the calculated trimer frequency and the calculated
tetramer intensity are used throughout. The * identiﬁes the HF dimer bands near 3862
cm−1.
Figure 3.3 shows a comparison between the scaled ab initio vibrational spectrum for
the 4+1 complex and the experimental results. The resulting frequencies are compared
in Table 3.1. In this case, the agreement is reasonable, certainly within the errors in the
scaled harmonic vibrational frequencies. Once again, the intensities of the ﬁve bands in
the 4+1 are scaled the same as for the cyclic tetramer. It is important to note that the
lowest frequency band is near the end of the tuning range of the laser and the power in
this region was quite low, perhaps accounting for the weakness of this band. Although
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the comparisons between the experimental and calculated frequencies and intensities give
a rather convincing assignment for the 4+1 complex, this assignment is unambiguously
conﬁrmed in the next section using the VTMAs.
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Figure 3.3: A comparison of the HF polymer spectrum with the stick spectrum of the
scaled ab initio vibrational frequencies and intensities of the 4+1 isomer. The * iden-
tiﬁes the HF dimer complex. The power output of the F-center laser begins to drop oﬀ
below 3200 cm−1, so that the band near 3174 cm−1 is barely visible.
3.4.1 Determination of Vibrational Transition Dipole Moment
Angles
In a recent paper [124] we reported the ﬁrst results using a new method for determining
VTMAs (α), applied to the study of the structure of isolated biomolecules. The basic
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experimental measurement is of the ratio of the integrated areas for a give vibrational
band with the laser polarization aligned parallel and perpendicular to the applied electric
ﬁeld, namely ρ(α) = A‖(α)/A⊥(α). The application of this approach to the determination
of electronic transition moment directions has been described in detail previously [125
127]. The polarization ratio can be expressed in terms of the VTMA (α) as:
ρ(α) =
∫ pi
0
P (cos θ)[2− sin2 α− 2 cos2 θ + 3 cos2 θ sin2 α] sin θdθ
2
∫ pi
0
P (cos θ)[2 cos2 θ + sin2 α− 3 cos2 θ sin2 α] sin θdθ (3.1)
where θ is the angle between the permanent dipole moment direction and the Z-axis,
deﬁned as the direction of the applied ﬁeld, in the laboratory frame. In high ﬁelds the
dipole moment vector of the molecule precesses about the electric ﬁeld. The orientation
distribution for the permanent dipole,
P (cos θ) =
1
2
(1 +
∞∑
n=1
anPn(cos θ)) (3.2)
is determined from a variational treatment of an asymmetric top in an electric ﬁeld,
which requires the diagonalization of the associated Hamiltonian, H = BJ2 + (A −
B)J2z +
C−B
4
(J2+ + J
2
− + J+J− + J−J+) − µpE. This theoretical treatment, a detailed
account of which is given elsewhere [128, 129], is for the most general case where the
permanent dipole is not parallel to a principal axis.
The variational calculations were converged for the 4+1 pentamer by including
states up to J = 12. We made use of the ab initio methods (MP2 / 6-311++G(3df,3pd))
to calculate the rotational constants, A, B, and C, and the permanent dipole moment,
µp, for the 4+1 structure. The resulting rotational constants for the isolated molecule
are 0.1358 cm−1, 0.03736 cm−1, and 0.02928 cm−1, respectively. The permanent dipole
moment does not point directly along the A axis of the complex, but instead has compo-
nents (2.7376, 0.0960, 0.0253) Debye. The ab initio rotational constants must be modiﬁed
to include the eﬀects of the helium solvent before they can be used in the above analysis.
44
For moderately heavy molecules of the type considered here, the rotational constants are
observed to decrease by a factor of approximately three upon solvation in helium [6].
Although there is some scatter in these ratios, this turns out not to be a serious prob-
lem since the orientation distributions are only weakly dependent upon the values of the
rotational constants at the ﬁelds used in the present experiments. Indeed, in the limit
of inﬁnite ﬁeld, the dipole moment is precisely oriented with the ﬁeld and the results
become independent of rotational constant and the magnitude of the permanent dipole
moment. As a result, we proceed with the analysis of the data by simply assuming that
the helium rotational constants are just the ab initio values, divided by a factor of three.
Similarly, the ab initio estimate of the magnitude of the permanent dipole moment is
suﬃcient for this analysis. In contrast, any errors in the direction of the permanent dipole
moment will translate into an error in the VTMAs. For this reason, we carried out a
rather extensive study of how the permanent dipole moment direction changes with basis
set. This revealed that the values converged rather quickly with increasing basis set size
to the value used here.
Figure 3.4 shows the ﬁve H-F stretching modes of the 4+1 complex, along with
the corresponding ab initio calculated VTMAs and the calculated permanent dipole
moment direction. The local mode nature of the band at 3876.1 cm−1 is evident from
the fact that the vibrational displacement vector is essentially parallel to the associated
transition moment. In contrast, the ring modes involve the motion of multiple hydrogen
atoms and the transition moment directions are not as easily visualized in terms of the
displacement vectors. It is clear from this ﬁgure that VTMAs vary considerably, which
helps considerably in assigning the spectrum.
The spectra used to determine the experimental VTMAs are shown in Figures 3.5 and
3.6, namely those obtained with zero ﬁeld and with the ﬁeld on and the laser polarization
directed either parallel or perpendicular to the DC ﬁeld. Clearly, parallel ﬁelds enhance
some of the bands, while others increase in intensity upon application of an electric
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3174 cm-1 3385 cm-1 3489 cm-1
3593 cm-1 3876.1 cm-1
Figure 3.4: The calculated VTMAs (with respect to the permanent dipole moment) for
the various HF stretching modes of the 4+1. The bands 3489 cm−1 and 3876.1 cm−1
have VTMAs with signiﬁcant projections onto the permanent dipole moment, whereas
the mode at 3385 cm−1 has a VTMA that is nearly perpendicular to the permanent
dipole moment. The VTMAs for the vibrational modes at 3174 cm−1 and 3593 cm−1
fall between these two extremes. The smaller arrows indicate the stretching motions
associated with the normal mode vibrations.
ﬁeld in the perpendicular conﬁguration. The highest frequency mode (Figure 3.6) is
assigned (from the scaled ab initio frequencies) to the H-F stretch of the molecule bound
to the outside of the cyclic tetramer ring. According to the results in Figure 3.4, this
band should be essentially parallel, consistent with the fact that we see a substantial
increase in the signal levels upon the application of the electric ﬁeld in the parallel
conﬁguration. In contrast, the signal level of the band centered at 3385 cm−1 is diminished
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Figure 3.5: A comparison between the zero ﬁeld spectrum and spectra recorded in the
presence of a large static electric ﬁeld. The laser polarization was aligned either parallel
or perpendicular to the applied ﬁeld, as indicated.
upon application of the parallel ﬁeld, but enhanced by the application of a perpendicular
ﬁeld. The reverse is observed for the band centered at 3489 cm−1. These bands are
calculated to be primarily perpendicular and parallel, respectively, in excellent agreement
with the experimental results. The lowest frequency band (3174 cm−1) is only weakly
observed in the experimental spectrum, but appears to be parallel, again in agreement
with the calculated results. It is interesting to note that the band at 3593 cm−1 is rather
unaﬀected by the electric ﬁeld. At ﬁrst sight this suggests that this band is associated
with a non-polar complex. However, the ab initio calculations reveal that this band of
the 4+1 complex has a VTMA that is close to the magic angle, where the eﬀects of the
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Figure 3.6: An expanded view of the highest frequency vibrational mode of the 4+1
complex, corresponding to the HF stretch of the outside molecule. The laser polarization
was aligned either parallel or perpendicular to the applied ﬁeld, as indicated. The most
intense peak in the spectrum is assigned to the 4+1 complex, while the weaker bands
are attributed to clusters larger than n=5.
perpendicular and parallel components exactly cancel ((magic = 54.75◦). Close inspection
reveals that there is a slight enhancement of the signal intensity upon application of the
parallel ﬁeld, as expected since the predicted VTMA is 39.7◦.
The experimental VTMAs can now be determined with the aid of the curve in Fig-
ure 3.7, which shows the polarization ratios as a function of the angle α. The dashed
curve in the ﬁgure corresponds to a calculation using the ab initio rotational constants
(i.e. not dividing by a factor of 3). From this it is clear that the errors associated with
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Figure 3.7: The parallel/perpendicular integrated intensity ratio, ρ(α), calculated from
the dipole distribution function for the 4+1 isomer. The dashed curve was calculated
using the ab initio rotational constants, without correcting for the eﬀects of the helium.
The solid curve corresponds to the calculation upon scaling the ab initio rotational con-
stants by a factor of 3. The values for the vibrational transition moment angles obtained
at the MP2 / 6-311++G(3df,3pd) level of theory are included in the parentheses.
estimating the solvent eﬀect on the rotational constants will have little eﬀect on the
VTMAs, particularly for the larger angles. The experimental polarization ratios for the
four vibrational bands that have reasonable signals are shown as horizontal bars in the
ﬁgure. The results of this analysis are summarized in Table 3.1. Overall, the agreement
between experiment and theory is quite good, although somewhat worse than we ob-
served previously for nucleic acid bases [124]. In part, this is due to the fact that the
vibrational bands in the present spectra are much broader and ride on top of a broad
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background that dramatically increases in intensity at higher HF pressures, the impli-
cation being that larger clusters have even broader absorption spectra throughout this
region of the spectrum. This background makes the integration of the band intensities
subject to increased errors, accounting for the fact that the average diﬀerence between
the experimental and calculated angles is roughly a factor of 3 larger than in our pre-
vious study. What is surprising, however, is the fact that the highest frequency band,
where there are no background problems, has the poorest agreement, the diﬀerence being
33◦. As discussed below, this disagreement is most likely indicative of other dynamical
processes unique to this vibrational band.
Five additional bands are observed in the above spectra, at 3225, 3280, 3878.0, 3880.1,
and 3881.2 cm−1. All of these correspond to polar complexes and the pick-up cell pressure
dependence of the signals suggests that these bands are associated with complexes larger
than n=5. The band at 3878.0 cm−1 is so weak that an accurate determination of the
associated cluster size was not possible. A number of 4+2 structures are indeed local
minima on the (HF)6 potential energy surface [112, 113], and ab initio calculations are
underway in an eﬀort to assign these bands.
3.5 Discussion
We begin this section by summarizing the important results presented in the previous
section. First, we ﬁnd that a fourth HF molecule can insert into a preformed cyclic trimer,
resulting in the formation a cyclic tetramer. The implication is that the barrier to this
process is quite low. We are assuming here, of course, that the helium relaxes the system
during cluster formation, such that the system cannot cross barriers of any signiﬁcant size.
In fact, the observation of the cyclic tetramer alone would not enable us to conﬁdently
diﬀerentiate between (i) the case where the barrier is small and the system cold and
(ii) the case where the barrier is higher and the helium has not yet cooled the system.
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Fortunately, the pentamer results provide us with evidence that the cooling is eﬀective
and that we can stabilize the 4+1 complex. The implication here is that the barrier
for the 4+1 system is larger than that for 3+1. This makes qualitative sense, given
that the HF trimer is quite highly strained [120,121], making it easier for the fourth HF
to open the ring. The cyclic tetramer, on the other hand, has almost no ring strain [101]
and will therefore be more diﬃcult to open.
It is important to point out that even though the 4+1 structure observed here is
predicted to be the next lowest energy isomer after the cyclic pentamer [108, 112], it
has not been observed in a free-jet expansion [103]. Apparently the cooling in a free-jet
expansion is too slow to stabilize this isomer, providing the system with enough time
while it is warm to anneal to the globally stable ring structures. The present results can
be examined in light of the recent theoretical calculations of Hodges et al. [108], which
provide not only the relative energies of the various isomers, but also the transition
states between them. Figures 3.8 and 3.9 show energy diagrams summarizing the results
of these calculations. It is immediately apparent that the barrier to ring insertion is
larger for the 4+1 complex (100.1 cm−1), compared to the 3+1 complex (16.6 cm−1).
It is interesting to note that the barrier for ring insertion from the higher energy 4+1
complex (where the outside molecule acts as an acceptor) is of similar magnitude. On the
other hand, the barrier corresponding to rearrangement between the two 4+1 structures
is so small (7.4 cm−1) that it is unlikely we would ever see this higher energy isomer.
The relative energies given in Figures 3.8 and 3.9 do not include the eﬀects of zero
point energy. In a previous study of ring insertion in water complexes [86] we found
that the inclusion of zero point energy tended to decrease the height of the barriers
even further. It is thus conceivable that the 3+1 system is essentially barrierless. A
similar analysis for these HF complexes is clearly needed. It is important to emphasize
here that the energy of the 4+1 complex is approximately 1570 cm−1 higher than that
of the cyclic pentamer. These results clearly demonstrate that the kinetics associated
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Figure 3.8: An energy diagram showing the transition states and minima on the (HF)4
potential energy surface, as calculated in reference [108]. Note that the highest barrier
to rearrangement of the 3+1 complex to form the cyclic tetramer is 0.187 kJ/mol (16.6
cm−1).
with helium droplet growth are such that even small barriers in the entrance channel
are suﬃcient to result in the formation of highly metastable species that would not be
formed in an environment that was anything like thermal.
We now return to the issue of the qualitative disagreement between the experimental
and calculated VTMAs for the H-F stretch associated with the HF molecule on the outside
of the ring in the 4+1 complex. There are a number of processes that could account
for this large deviation. For example, since the ab initio VTMA calculation involves the
harmonic approximation, errors may exist due to the neglect of the anharmonicity of
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potential energy surface, as calculated in reference [108]. Note that the barrier to re-
arrangement of the 4+1 complex to form the cyclic pentamer is 1.197 kJ/mol (100.1
cm−1).
this mode. Also, if a vibrational mode is strongly mixed to other vibrational states of
the molecule, through anharmonic terms in the potential surface, which are clearly not
included in the ab initio calculations, the experimental results would reﬂect this coupling.
Indeed, a strongly mixed set of vibrations would display a VTMA intermediate between
those of the pure states involved in the interaction. The fact that the dangling molecule
is likely to undergo much larger amplitude motions than the molecules in the ring might
indeed facilitate such coupling. It is interesting to note that that calculated VTMAs
for the bending degrees of freedom of the 4+1 complex are all large, corresponding
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to nearly perpendicular transitions. Thus if the states to which the H-F stretch couple
involve these low frequency bending modes, a larger experimental VTMA, compared to
the calculated value, would be expected.
The other possibility is that the outside HF molecule undergoes suﬃciently wide am-
plitude bending motions that the calculated VTMA, determined from the equilibrium
structure, is not appropriate for comparison with the experimental (vibrationally aver-
aged) value. A rigorous theory for this vibrational averaging would require solving for the
full, multidimensional dynamics of this system. Although such a calculation is beyond
the scope of the present study, a qualitative assessment of the magnitude of this eﬀect
was explored by calculating the local bending potential of this dangling HF molecule,
at the MP2 / 6-31++G(d,p) level of theory as shown in Figure 3.10. VTMAs were also
calculated at the various geometries. Overall the potential obtained from this is quite
steep, suggesting that the amplitudes of the associated bending motions and the varia-
tion in the VTMAs with bending are considerably less than the diﬀerence between the
experimental and calculated VTMAs for this mode.
3.6 Summary
We have made use of a new experimental method, based upon the measurement of
VTMAs, to study the formation of HF clusters in helium nanodroplets. We ﬁnd that
insertion of an HF molecule into a pre-formed ring is essentially barrierless for the cyclic
trimer, resulting in the formation of a cyclic tetramer. On the other hand, formation of
the cyclic pentamer does not occur via ring insertion into the cyclic tetramer, but rather
we observe the formation of a pentamer consisting of a tetramer ring with a dangling
HF molecule, hydrogen bonded to a ﬂuorine atom in the ring. The assignment of the
spectra for this complex is based upon comparing both the experimental vibrational
frequencies and the associated VTMAs with the results of ab initio calculations. In three
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θMP2 / 6-31++G(d,p)
100 cm-1 intervals
Figure 3.10: Bending potential of the dangling HF molecule of the 4+1 (HF)5 isomer.
The binding energy corresponds to the sum of the HF tetramer and HF momomer energies
with the two fragments inﬁnitely separated subtracted from the complex energy. The
contours are separated by 100 cm−1.
of the four bands, the agreement between theory and experiment is excellent, providing a
convincing assignment. For the H-F stretch associated with the dangling HF molecule,
the agreement is much poorer, which we tentatively explain in terms of anharmonic
coupling of this vibration to combination states associated with the lower frequency
bending vibrations of the complex. This study provides semi-quantitative information
concerning how hydrogen bond networks rearrange. The results are in good agreement
with the potential surfaces reported previously [108]. The results suggest that barriers less
than 100 cm−1 in height are suﬃcient to trap a system in a local minimum when helium
is used as a heat bath. Further work is underway in identifying non-cyclic complexes
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for n > 5, composed of a tetramer ring with multiple dangling HF molecules attached.
The method of determining the experimental transition moment directions described
here is shown to be useful in assigning complex vibrational spectra, and the potential for
this technique to provide additional insight into the dynamics of intermode coupling is
illustrated.
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Chapter 4
Vibrational Relaxation of
Cyanoacetylene: Infrared-Infrared
Double Resonance Spectroscopy
Infrared-infrared (IR-IR) double resonance spectroscopy is used as a probe of the
vibrational dynamics of cyanoacetylene in helium droplets. The (ν1 C-H stretching vi-
bration of cyanoacetylene is excited by an infrared laser and subsequent vibrational relax-
ation results in the evaporation of approximately 660 helium atoms from the droplet. A
second probe laser is then used to excite the same C-H stretching vibration downstream
of the pump, corresponding to a time delay of approximately 175 µ-sec. The hole burned
by the pump laser is narrower than the single resonance spectrum, owing to the fact
that the latter is inhomogeneously broadened by the droplet size distribution. The line
width of the hole is characteristic of another broadening source that depends strongly on
droplet size.
4.1 Introduction
While frequency domain studies of the dynamics of classical liquids are often hindered
by spectral broadening, due to rapid vibrational and rotational dephasing, these processes
are much slower for molecules embedded in helium droplets, so that the corresponding
spectra often have high resolution. In fact, the vibrational spectra of helium solvated
molecules are often rotationally resolved [16]. Recent studies have shown that this slow
relaxation is a direct consequence of the superﬂuid nature of 4He [19, 26] at the droplet
temperature (0.37 K) [16].
Despite the growing number of studies of molecules and clusters in helium, the spectra
of which show a wide range of line shapes, a detailed understanding of the associated
broadening mechanisms is still lacking [6]. This is in part due to the fact that there
are a number of homogeneous and inhomogeneous broadening sources that typically
have comparable contributions to the overall line width [41]. Some progress has been
made in separating these contributions by making use of microwave-microwave [130] and
infrared-microwave [56,131,132] double resonance spectroscopies, although even here the
results are not conclusive. New experimental and theoretical approaches are therefore
still needed if we are to develop a detailed understanding of the associated processes.
Helium nanodroplets are also being used to study novel chemical species that are
diﬃcult, if not impossible, to form using conventional molecular beam techniques [84,
85, 133, 134]. Indeed, the growth of molecular complexes in helium often results in the
formation of metastable species [84, 135] owing to the rapid cooling provided by the
helium solvent. In a helium droplet experiment, molecules are captured successively [72]
and are rapidly cooled [25] to the droplet temperature (0.37 K). The condensation energy
released during the cluster growth is quenched by the helium so rapidly that the newly
formed complex often becomes trapped in a local minimum on the potential energy
surface. In many respects, the process is analogous to the formation of an amorphous
solid during the vapor deposition of a condensible species onto a cold surface. Cooling is
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so fast that the system does not have the opportunity to re-arrange to the most stable
geometry. In helium droplets, one often observes multiple isomers of a given molecular
complex [76, 86, 136]. In contrast, the slower cooling that occurs in a free jet expansion,
as well as the exchange reactions that can occur late in the expansion, often results in
the formation of only the lowest energy isomer. For example, two linear isomers of the
cyanoacetylene-hydrogen cyanide complex are observed in helium droplets, while only
the lower energy one is observed in free jets [137, 138]. The ability to form a number
of diﬀerent isomers provides us with the opportunity to study regions of the associated
potential surfaces that might otherwise be experimentally inaccessible.
As part of our ongoing study of systems of this type, we are developing methods that
might eventually be used to photo-initiate chemistry, including isomerization, within
these droplets. When the barriers between the various local minima on the potential en-
ergy surface are low, the absorption of an infrared photon (excitation of a C-H stretching
vibration of one of the molecules, for example) might provide the system with suﬃcient
energy to induce a reaction [139] or isomerization [140]. On a longer time scale, the sys-
tem will again be cooled by the liquid helium, so that a second infrared laser can be used
to probe the products of the reaction. This type of IR-IR double resonance experiment
is presently being developed in our laboratory for this very purpose. As a precursor to
these photo-initiated chemistry experiments, we have applied this approach to the study
of a stable molecule (cyanoacetylene) in helium. In this case, no chemistry or isomeriza-
tion can occur, providing us instead with the opportunity to study the various relaxation
processes discussed above.
The IR-IR double resonance technique described here allows us to burn a hole in
the inhomogeneously broadened transitions of cyanoacetylene. The data shows that the
distribution of droplet sizes in the beam is a signiﬁcant source of broadening, particularly
for the conditions that produce the smaller mean droplet sizes. Although the source
of the remaining broadening in the double resonance experiments cannot be assigned
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conclusively, the data is consistent with a broadening mechanism resulting from the
coupling of the rotations and vibrations of the molecule to the elementary excitations of
the helium. The ν1 fundamental of cyanoacetylene (HCCCN) is used in this study, given
that it is well characterized in both the gas phase [141] and in helium droplets [56,80].
4.2 Experimental Method
For the experiments reported here, the nozzle temperature was varied from 16 K to
35 K, producing mean droplet sizes ranging from approximately 12,000 helium atoms to
less than 600, respectively [69]. A schematic of the modiﬁed apparatus used for the two
laser double resonance experiments is shown in Figure 4.1. A 3.5 cm long gas pick-up
cell is located in the second chamber, where HCCCN is maintained at a pressure that
is optimized so that the droplets on average capture a single molecule. The captured
molecules are then cooled to the internal temperature of the helium droplet, (0.37 K).
As shown in the ﬁgure, two spherical mirror multipass cells [142] are used to focus
multiple passes of the infrared lasers onto the droplet beam. The two laser interaction
regions (pump/probe) are separated by approximately 8 cm, corresponding to a droplet
ﬂight time of approximately 175 µ-sec. The probe laser (the downstream multipass cell) is
a cw F-center laser, operating on crystal #3, pumped by 1.5 W of red light from a krypton
ion laser. The pump laser (the upstream multipass cell) is a cw periodically polled,
lithium niobate optical parametric oscillator (PPLN-OPO) [143,144] (Linos Photonics).
The PPLN crystal is pumped by a single mode, diode pumped cw YAG laser, yielding
a bandwidth of less than 1 MHz at 3 µm. The idler beam used in the present study
has a cw power of approximately 60 mW in the spectral region of interest here, namely
3300 cm−1. The F-center laser was scanned continuously by synchronously tuning the
grating, intra-cavity etalon, and cavity length by computer control. The cavity length
was adjusted by scanning the voltage of a PZT mounted folding mirror in the laser cavity.
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Figure 4.1: A schematic of the helium droplet apparatus used for the IR-IR double
resonance experiments. Two spherical multipass cells were used to separate the pump
and probe laser interaction regions by 8 cm. Both multipass cells were equipped with
Stark plates so that a large DC ﬁeld could be applied to each laser interaction region.
The ﬁelds in both interaction regions were determined to be the same, within ( 1 kV/cm).
The resulting spectra were calibrated using a wavemeter and several confocal etalons, as
discussed in detail elsewhere [90].
Each spherical multipass cell is equipped with Stark electrodes, used to apply a large,
static DC electric ﬁeld (∼30 kV/cm) to the laser interaction region. For a polar molecule
like HCCCN, the resulting pendular spectrum [80, 82, 83] is characteristic of the orien-
tation of the permanent dipole moment with the DC ﬁeld. With the laser polarization
aligned parallel to the applied ﬁeld the entire P and R branch spectrum collapses into
a single peak (owing to the fact that the rotational constants and dipole moments of
HCCCN are rather similar in the ground and excited vibrational states), resulting in a
considerable increase in the corresponding signal levels.
Assuming the time required for vibrational relaxation of HCCCN in helium is short
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compared to the ﬂight time between the pump and probe laser interaction regions (this
assumption is conﬁrmed by the present experiment), the molecules excited by the pump
laser will be cooled back to the ground vibrational state prior to entering the probe laser
multipass cell. Although various double resonance modulation schemes were explored,
all of the experiments presented here were performed by amplitude modulating the (ﬁxed
frequency) pump laser (tuned into resonance with the pendular transition), while the cw
probe laser was scanned through the same transition. The result is a double resonance
spectrum that rides on top of the single resonance signal from the pump laser. The
eﬀect of this modulation scheme is to measure a diﬀerence spectrum, corresponding to
the change in the infrared spectrum between the pump laser being on and oﬀ. The
pump laser was locked to a 150 MHz etalon to prevent frequency drift. The remaining
drift was determined to be less than 10 MHz over the time period required to acquire a
double resonance spectrum. However, power ﬂuctuations associated with the pump laser
resulted in a factor of 3 increase in the noise, relative to that obtained with both lasers
detuned from resonance.
4.3 Results
The zero-ﬁeld spectrum of the ν1 fundamental of HCCCN in helium droplets has been
described in detail previously [56] and is well represented by a linear rotor spectrum.
This is in agreement with the general observation that the symmetry of the molecule is
unaﬀected by helium solvation [6, 16, 18]. On the other hand, the anisotropy associated
with the He-HCCCN interaction potential [145] results in an increase in the eﬀective
moment of inertia of the solvated molecule, corresponding to a decrease in the rotational
constant by a factor of approximately 3 relative to the gas phase value [6].
In the present study, we focus on the pendular spectra of HCCCN, shown in Figure
4.2 as a function of the mean droplet size (varied by changing the source temperature).
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The droplet sizes listed in the ﬁgure caption were obtained from the nozzle diameter,
3327.08 3327.12 3327.16
 
 
 
Wavenumber (cm-1)
Figure 4.2: Droplet size dependence of the single resonance pendular spectrum of HCCCN
in helium droplets, obtained with a 30 kV/cm electric ﬁeld applied to the laser interaction
region. The mean droplet sizes decrease from top to bottom, (N¯= 11570, 7200, 4610,
3730, 3030, 2480, 2050, 1700, 1400, 1200, 600). The helium backing pressure was ﬁxed
at 60 atm and the nozzle temperature was varied from 16 K to 30 K.
source temperature and stagnation pressure, using the results published previously by
Knuth and coworkers [69] (see Section 2.1). For each pendular spectrum corresponding
to each source condition, the pressure in the pick-up cell was optimized for the pick-
up of one HCCCN molecule. It is clear from Figure 4.2 that the pendular transition
shifts to the red and narrows with increasing droplet size. These results are quantiﬁed
in Figure 4.3, which shows a plot of the peak frequencies and the FWHM line widths as
a function of the nozzle temperature. It is interesting to note that the tail to the blue
side of the resonance shown in Figure 4.2, which becomes more prominent in the spectra
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Figure 4.3: Peak frequency and FWHM of the pendular transition (the ν1 vibrational
band of HCCCN), as a function of nozzle temperature. With increasing nozzle temper-
ature the spectra shift to the blue and broaden.
corresponding to small mean droplet sizes, is quite common in helium droplet spectra,
having been reported in previous infrared [18,59] and visible [78] studies.
The vibrational frequency shift associated with helium solvation has been the subject
of considerable discussion and is generally thought to be the result of two competing
eﬀects [6,46,146]. On the one hand, there are short-range repulsive interactions between
the solute and the helium, which for the C-H stretch considered here, come from the
helium atoms located near the hydrogen end of the molecule. The repulsive interactions
with these helium atoms result in a blue shift of the corresponding vibrational mode. In
addition, the long-range attractive interactions between the surrounding helium atoms
and the molecule, which become stronger upon excitation of the C-H stretching vibration,
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cause a red shift. For example, the dipole-induced dipole attraction increases upon
vibrational excitation, owing to the associated increase in the dipole moment of the
molecule. As a result, the increasing red shift with droplet size comes from the fact that
the additional helium atoms are at long range and therefore only contribute to the red
shift. The saturation of the vibrational frequency shift for the largest droplets reﬂects
the fact that the added solvent is now too far from the molecule to have a signiﬁcant
inﬂuence on its vibrational frequency (corresponding to the bulk limit).
The above data suggest that the asymmetric line shapes observed in Figure 4.2 re-
sult from inhomogeneous broadening associated with the droplet size distribution. It
is important to point out, however, that there are other mechanisms for inhomogeneous
broadening in helium nanodroplets that have been previously discussed [18,41,78,79]. For
example, quantum conﬁnement of the dopant molecule in the droplet results in particle-
in-a-box type levels (in this case a spherical box) that are thermally populated even at
the low temperatures considered here. The distribution over these "translational" states
can therefore contribute to the inhomogeneous broadening. These states can also have
orbital angular momenta, which can be coupled to the molecular rotation, through the
anisotropic interaction between the dopant and the helium, resulting in additional line
broadening. In a previous study, we reported the observation of a splitting in the R(0) line
of HCN in helium that was attributed to this kind of solvent-solute interaction [52]. Addi-
tionally, the coupling of the molecular rotations to the thermally populated surface wave
excitations (ripplons) [25] have been considered as probable broadening mechanisms [41].
In previous MW-MW and IR-MW double resonance experiments on HCCCN [56, 130],
it was suggested that the molecule undergoes rapid transitions between the "particle-
in-a-box" type substates, the associated time scale being similar to that of rotational
relaxation. This inhomogeneous broadening mechanism is considered dynamic, so that
a double resonance scheme cannot be used to burn a hole in the distribution of transla-
tional states. In contrast, a distribution over pendular states provides a source of static
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inhomogeneous broadening. However, a calculation of the pendular spectrum [147] of
HCCCN, assuming a thermal distribution [148] over pendular states, reveals that this
broadening is small for the ﬁeld strengths used here, owing to the fact that the dipole
moments are rather similar in the ground and excited vibrational states [149].
The broadening associated with the droplet size distribution is also static, since a
given molecule is conﬁned to a single droplet and does not sample the overall distribution.
Assuming the droplet size distribution is the dominant source of static inhomogeneous
broadening, a suitable double resonance scheme should be capable of "tagging" molecules
that reside in a narrow range of droplet sizes. Consequently, the broadening associated
with the distribution of sizes in the beam can be reduced or eliminated using such a hole
burning technique. Indeed, the width of the hole can then be used to obtain information
on other broadening mechanisms, as discussed below.
For the case where the widths of the pendular spectra are limited by the static inho-
mogeneity resulting from the droplet size distribution, these widths are directly correlated
to the droplet size dependence of the center frequency. As a result, the line shapes can
be estimated [79] by averaging the curve representing the variation in the transition
frequency as a function of the droplet size (Figure 4.3) over the relevant log-normal dis-
tribution [66], which has been further weighted to account for the appropriate pick-up
statistics [72]. Figure 4.4B shows a ﬁt to the experimental pendular peak frequency
versus most probable droplet size, n˙, based upon the "excluded volume" model [53],
ν(n) = ν∞ +
a
n− n0 ,
for which the transition frequency approaches an asymptotic value for large n˙. The
constants obtained from the ﬁt are =3327.0938 ± 0.0007 cm−1, a=13 ± 1 cm−1, and
n0=48 ± 4.
The droplet size, n, as a function of the frequency, ν, is then expressed as n(ν) =
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Figure 4.4: A) A comparison of the experimental (solid lines) and simulated (dashed lines)
pendular spectra of HCCCN in helium droplets, assuming the distribution of droplet sizes
is the sole source of inhomogeneous broadening. B) The variation of the single resonance
peak frequency with the most probable droplet size and the best ﬁt to the "excluded
volume" model described in the text. The most probable size is equivalent to 1.166∗n¯ as
described in the text.
13
ν−ν∞ + 48. The probability of producing a droplet of size n that picks up exactly one
HCCCN molecule is given by the expression f(n)p(n)dn, with f(n) corresponding to the
log-normal distribution of droplet sizes produced at the given droplet source conditions,
and p(n) representing the probability of picking up one HCCCN molecule at a particu-
lar droplet size, given the pressure and path length of the gas-pick up cell. For a more
detailed description of f(n)p(n)dn, see Section 2.2. Since the peak of the pendular spec-
trum at each nozzle temperature was maximized by adjusting the HCCCN pick-up cell
pressure, the maxima of f(n) and p(n) are made to coincide in frequency space. As a
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result, the most probable droplet size, x-axis in Figure 4.4B, is deﬁned as the maximum
of f(n)|∂ν/∂n|, which can be shown to be approximately 1.166∗n¯ (see Section 2.1). Fi-
nally, to simulate the pendular spectrum f(ν), at a particular n¯, the probability density
in droplet size space must be transformed to frequency space, f(n(ν))p(n(ν))|∂n/∂ν| dν.
The simulated pendular spectra are shown in Figure 4.4A for six diﬀerent source con-
ditions (dashed lines), along with the corresponding experimental spectra (solid lines).
The excellent agreement between the simulated and experimental spectra provides con-
siderable support to the assignment of the primary source of inhomogeneous broadening
in these pendular spectra to the droplet size distribution.
It is interesting to note that Callegari et. al. [53] carried out a similar analysis to the
one presented here, for the ﬁrst overtone zero ﬁeld spectrum of hydrogen cyanide (C-H
stretch), from which they concluded that the droplet size distribution was not the limiting
source of broadening. Nevertheless, the corresponding spectra were much broader than
those reported here, which is indeed suggestive of diﬀerent broadening sources. Having
obtained reasonably ﬁrm evidence that the primary source of broadening in the pendular
spectra of HCCCN is static inhomogeneity associated with the droplet size distribution,
we can anticipate that it will be possible to burn a hole in the spectrum using an IR-IR
pump/probe method.
Figure 4.5B shows an IR-IR double resonance spectrum recorded using source con-
ditions that yielded a mean droplet size of approximately 2500 helium atoms (∼3.0 nm
radius) [69]. The spectrum in Figure 4.5A is the corresponding pendular spectrum ob-
tained without the pump. As noted above, the pump laser was amplitude modulated,
while its frequency was ﬁxed on resonance with the HCCCN pendular transition. A
lock-in ampliﬁer was used to process the laser induced bolometer signal. In the absence
of the probe laser, the modulated pump gives a constant bolometer signal. The cw probe
laser was then scanned through the pendular transition, resulting in the double resonance
signal shown in Figure 4.5B, which is riding on top of the constant background from the
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Figure 4.5: A) An infrared single resonance spectrum of HCCCN in helium droplets,
obtained at a backing pressure of 60 atm and a nozzle temperature of 23 K, corresponding
to a mean droplet size of 2500 helium atoms. B) Infrared-Infrared double resonance
spectrum of HCCCN obtained under the same source conditions. C) The dashed curve
is a ﬁt of the above experimental spectrum to two Lorentzians of opposite sign, with
FWHM line widths for the hole and the pile of 208 MHz and 406 MHz, respectively.
pump, as illustrated in Figure 4.6. The double resonance spectrum represents the dif-
ference between the probe laser spectra that could be independently recorded with the
pump on and oﬀ. The negative contribution to the spectrum is a conventional "hole",
corresponding to the fact that the probe laser excites fewer molecules in this frequency
range when the pump is on, compared to when it is oﬀ. The implication is that molecules
that would normally have absorbed in this spectral region (when the pump was oﬀ) are
depleted by the pump. If there were no mechanism for returning the molecule to the
ground state, such that the excited molecules were no longer available to the probe, only
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Figure 4.6: IR-IR double resonance spectrum of HCCCN riding on top of the signal
from the pump. The pump is ﬁxed to the frequency corresponding to the peak in the
pendular transition of the C-H stretch of HCCCN, resulting in a constant background
signal. The probe laser is tuned through the same transition, resulting in the double
resonance spectrum on top of the constant pump signal. The result of detuning the
pump from the peak of the HCCCN pendular transition is shown as a reduction in the
constant background signal.
the depletion would be observed. In the gas phase, for example, the excited state molecule
might dissociate, or simply remain for a long period of time in some intermediate excited
state, making it unavailable to the probe laser. In the helium droplet experiments, how-
ever, the molecules can relax back to the ground state, due to quenching by the helium,
on a time scale that is competitive with the ﬂight time between the two lasers, making
them once again available for excitation by the probe laser. Indeed, this relaxation gives
rise to the positive signal in the double resonance experiment, which we will hereafter
refer to as the "pile". The existence of the pile conﬁrms our earlier assumption that the
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vibrational relaxation occurs on a time scale that is fast compared with the ﬂight time
of the droplets between the two laser interaction regions (175 µs).
The fact that the "hole" and "pile" appear at diﬀerent frequencies can be understood
by considering that excitation by the pump laser, and subsequent relaxation to the ground
vibrational state, results in the evaporation of approximately 660 helium atoms (5 cm−1
per atom) [25]. Thus, molecules that are cooled to the ground state, following the pump
excitation, are now in a smaller droplet than they would have been in the absence of the
pump laser (see Figure 4.7). As noted above, smaller droplets have a slightly blue shifted
pendular spectrum (compared to larger ones), explaining the position of the pile relative
to the hole.
Figure 4.7: Schematic diagram of the evaporative cooling following the absorption of the
ﬁrst infrared photon, followed by the absorption of the second photon.
Given that the hole is narrower than the overall width of the pendular spectrum
recorded under the same source conditions, we conclude that the pump laser is burning a
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hole in the droplet size distribution. Subsequent vibrational relaxation of the molecules
results in the production of more droplets that are approximately 660 atoms smaller
than those originally excited by the laser. The eﬀects of this size selection become even
more important for smaller average sizes, where the broadening from the corresponding
distribution is considerably larger.
The dashed line shown in Figure 4.5C is a ﬁt to the experimental double resonance
spectrum, using the two Lorentzians of opposite sign (also shown in Figure 4.5C), whose
centers are separated by 205 MHz. The ﬁt is excellent and gives us a way of determin-
ing the widths and areas of the positive and negative features in the double resonance
spectrum. The quality of the ﬁts to a Lorentzian line shape gives at least some support
to the idea that the associated broadening mechanism is homogeneous. Nevertheless,
it is again important to point out that this broadening could come from a number of
diﬀerent sources, including the dynamic inhomogeneous broadening processes discussed
above. The Lorenztian full-width at half maximum (FWHM) line widths for the hole
and pile are 208 MHz and 406 MHz, respectively, compared to FWHM line width of 300
MHz for the corresponding pendular spectrum in Figure 4.5A. The fact that the hole and
pile have diﬀerent line widths is of considerable interest. Qualitatively, the implication
is that the corresponding broadening mechanism is strongly size dependent, an issue we
will now examine in some detail.
This IR-IR double resonance scheme clearly provides us with a way of probing broad-
ening mechanisms that are normally obscured by the static inhomogeneous broadening
that appears to result from the droplet size distribution. Double resonance spectra were
recorded for a wide range of source conditions and in all cases the line shape was well
reproduced by a ﬁt to two Lorentzians of opposite sign. Figure 4.8 shows a plot of the
corresponding FWHM line widths for the holes as a function of the nozzle temperature.
The corresponding data for the piles was more limited, owing to the fact that for the
smaller initial droplet sizes (high source temperatures) the piles became too broad to
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Figure 4.8: A plot of the FWHM Lorentzian line widths for the holes, as a function of
nozzle temperature (the smooth line being a guide for the eye). The nozzle temperatures
correspond to droplets with a most probable size ranging from 10600 helium atoms to
less than 700 atoms.
observe. The data in Figure 4.8 was obtained by tuning the pump laser to the maxi-
mum in the pendular spectrum. As a result, the nozzle temperatures in the ﬁgure can
be approximately correlated with the droplet size, corresponding to the maximum in
the distribution for a given mean size as measured in frequency space. The droplet size
dependence of the line width is interesting, becoming broader with decreasing droplet
size (down to approximately 1000 atoms) and then decreasing for even smaller droplets.
Although we cannot provide a deﬁnitive interpretation of this data, it is consistent with
what might be expected from the homogeneous broadening associated with relaxation to
the helium excitations, as discussed below.
Another way of probing droplets of diﬀerent size is to tune the pump laser through the
pendular spectrum, recording the corresponding double resonance spectra for each case.
The corresponding spectra are shown in Figure 4.9, where the oﬀset of the spectra and
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Figure 4.9: A series of double resonance spectra obtained at diﬀerent pump laser frequen-
cies. The double resonance spectra are superimposed on the single resonance spectrum,
obtained using identical source conditions, 60 atm nozzle pressure and a nozzle temper-
ature of 28 K (N =1000 helium atoms).
the position of the resonance relative to the pendular spectrum indicate the frequency
of the pump laser. Assuming the blue tail in this spectrum is due to the small droplets
in the distribution, we would expect that the line width of the hole would depend upon
the pump laser frequency in a manner similar to that seen in Figure 4.8. Figure 4.10
shows a plot of the line width of the hole as a function of the pump laser frequency,
where again we see that the line width ﬁrst increases as the pump is tuned to the blue
(smaller droplets) and then decreases for even smaller droplets. In this case, we are able
to sample much smaller droplets, to the point where the line width becomes as narrow
as that observed for the largest droplets.
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Figure 4.10: A plot of the widths of the holes versus the pump laser frequency (the
smooth line being a guide for the eye). The line widths of the holes were obtained
by ﬁtting each double resonance spectrum to two Lorentzians of opposite sign. When
the pump frequency was tuned to the blue tail of the spectrum, the pile disappears
entirely, and the line widths of the corresponding holes were obtained from ﬁts to a
single Lorentzian.
4.4 Discussion
The results presented in the previous section give convincing evidence that the asym-
metric line shapes observed for the pendular spectra of HCCCN in helium nanodroplets
originate from the distribution of droplet sizes. The fact that we can burn a hole in these
line shapes indicates that this inhomogeneous broadening is indeed static, in agreement
with what would be expected from the droplet size distribution. In fact, the frequency
shifts observed from the hole to the pile are consistent with the loss of approximately
660 helium atoms from the droplet, due to excitation by the pump laser. This can be
approximately illustrated by taking two diﬀerent pendular spectra with mean droplet
sizes that diﬀer by approximately 600 atoms, and subtracting one from the other. The
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result is a simulated double resonance spectrum, which is compared with the correspond-
ing experimental result in Figure 4.11. When the simulated double resonance spectrum
3327.05 3327.10 3327.15 3327.20
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Figure 4.11: Pendular spectra of HCCCN, corresponding to droplets with mean sizes of
(i) 2500 and (ii) 2000 helium atoms. The diﬀerence between the two pendular spectra
(iii) is in qualitative agreement with the double resonance spectrum (iv) obtained under
source conditions similar to those used in the upper pendular spectrum.
is ﬁt to two Lorentzians, the corresponding centers are separated by 310 MHz, com-
pared to the experimental separation of 205 MHz. Actually, we do not expect better
than qualitative agreement here given that the hole burning experiment only samples
a portion of the droplet size distribution, while the diﬀerence in the pendular spectra
has contributions from the entire distribution. Nevertheless, the qualitative agreement
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again supports the idea that the shift between the hole and the pile results from the
photo-induced evaporation of helium from the "pumped" droplets.
It is interesting to note that under source conditions resulting in the formation of very
large droplets (>15,000 atoms) the double resonance signals disappear altogether. This
is expected for large droplets, where the loss of 660 helium atoms does not signiﬁcantly
shift the vibrational frequency of the solvated molecule, such that the hole and the pile
overlap and cancel one another. Indeed, we ﬁnd that in all of the double resonance
spectra recorded for this system, the integrated areas of the hole and pile are very nearly
the same, namely within 5%. In actual fact, the area of the pile is consistently slightly
smaller than that of the hole, suggesting that some of the pumped molecules are missing
from the probe. There are a number of possible explanations for this small diﬀerence.
First, if some of the excited molecules do not cool to the ground state on the time
scale of the ﬂight time between the laser interaction regions, the pump laser would miss
these molecules. Alternatively, the droplet recoil resulting from the evaporation of 660
helium atoms could cause a small fraction of the helium droplets to miss the probe
laser interaction volume, reducing the probe laser signal. To obtain an estimate of this
eﬀect, we modeled the evaporation by assuming that each helium atom that evaporates
from the surface of the droplet has 5 cm−1 of translational energy [25]. Treating the
evaporation events as uncorrelated, we calculated that approximately 3 % of the droplets
were suﬃciently deﬂected (for a mean droplet size of 3000) so that they would miss the
probe laser interaction region, in good agreement with experiment.
As shown above, the line widths of the holes in the double resonance experiments
depend strongly upon the helium droplet source conditions, as well as the pump frequency,
providing us with clues concerning the source of this broadening. In the former case, we
observe an approximately linear increase in the line width of the hole for conditions that
produce mean droplet sizes from approximately 10,000 to 800 helium atoms. For even
smaller droplets we observe that the line widths once again become narrower.
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In light of the previous work on HCCCN in helium, which suggests that the surface
ripplon modes are important for the rotational relaxation of the molecules [56] (as well
as perhaps contributing to the vibrational quenching), the increase in the line width
with decreasing droplet size can be justiﬁed by the fact that the molecule is on average
closer to the surface in smaller droplets. This in turn could increase the coupling to the
ripplons and thus decrease the lifetime of the molecular states. This mechanism might
also explain the decrease in the line width for the smallest droplets. Indeed, in a Fermi
golden rule treatment of relaxation, the rate depends upon both the coupling matrix
elements and the density of states. It is well known that the ripplon density of states
decreases rapidly with decreasing droplet size [25]. The rapid decrease in the density
of states might therefore overwhelm the increasing coupling strength, causing the line
width to become narrow for the smallest droplets. Unfortunately, we still do not have a
quantitative theory for the relevant coupling in these systems, so we are left to speculate
concerning the source of this broadening. Indeed, these simple ideas are in need of further
testing by both experiment and theory.
Given the relatively high power (60 mW) of the pump laser used in the present study,
it is important to estimate the eﬀects of power broadening in these experiments. Using
an ab initio value for the C-H stretch transition moment (0.1 Debye) and estimates of
the focal volume of the laser, we estimate that the power broadening due to the pump
laser is approximately 50 MHz. Although this value could easily be a factor of two in
error, we expect that it is not the dominant source of broadening for the holes, given
that power broadening would not be strongly droplet size dependent.
4.5 Summary
In the present study we reported a new IR-IR double resonance approach for studying
the dynamics of molecules in helium nanodroplets. By choosing a simple molecule that
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cannot undergo chemical modiﬁcations upon vibrational excitation, we are able to explore
the capabilities of the method for probing the associated vibrational dynamics. The
method is used to reduce the static inhomogeneous broadening, which appears to result
from the droplet size distribution, uncovering another broadening source that is strongly
and non-monotonically dependent upon the droplets size. The frequency shift between
the hole and the pile observed in these double resonance experiments is consistent with
the fact that the pump laser causes the evaporation of approximately 660 helium atoms,
making the droplets smaller when they enter the probe laser interaction region.
The potential of this experimental method can be appreciated if one considers its
application to systems where the pump laser can initiate a reaction or a conformation
change. The ability to observe both the hole (depletion of the reactant) and the pile (the
product) make this method particularly powerful. For example, in a double resonance
experiment where the area of the hole is measured to be much larger than that of the pile,
we might conclude that the missing molecules correspond to those that have undergone
reaction or isomerization. This would then motivate the more time consuming search
for the spectrum of the products of the photo-initiated reaction. On the other hand, if
the areas of the hole and pile are approximately the same, we can immediately conclude
that reaction has not occurred, saving us the time required to search for products. It
is important to point out that the cooling provided by the helium droplets makes it
possible to trap and spectroscopically characterize reactive intermediates, when reaction
does occur following photo-excitation of the entrance channel complex [139].
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Chapter 5
The Isomers of HF-HCN Formed in
Helium Nanodroplets: Infrared
Spectroscopy and Ab Initio
Calculations
Binary complexes containing hydrogen cyanide and hydrogen ﬂuoride are formed in
helium nanodroplets and studied using high-resolution infrared laser spectroscopy. Rota-
tionally resolved spectra are reported for the H-F and C-H stretches of the linear HCN-HF
complex, a system that has been thoroughly studied in the gas phase. We report the ﬁrst
high-resolution spectra of the higher energy, bent HF-HCN isomer, which is also formed
in helium. Stark spectra are reported for both isomers, providing dipole moments of
these complexes. The experimental results are compared with ab initio calculations, also
reported here. Spectra are reported for several ternary complexes, including (HCN)2-HF,
HCN-(HF)2, HF-(HCN)2, and HF-HCN-HF.
5.1 Introduction
Hydrogen-bonded complexes in the gas phase have been the subjects of extensive
experimental and theoretical study, with this synergistic relationship allowing for the
detailed characterization of the associated multi-dimensional potential energy surfaces
for numerous systems [150152]. The general philosophy driving this work is the mea-
surement of as many quantum states of the systems as possible, to aid in the deter-
mination of the potential energy surface. In particular, this is most eﬀective when the
wavefunctions associated with the various quantum states sample diﬀerent regions of the
potential energy surface. The water dimer is one of the most thoroughly studied systems
and demonstrates the eﬀectiveness of this approach, which has yielded quantitatively
accurate intermolecular potentials [153, 154]. Due to the complex tunneling motions as-
sociated with this system, the wavefunctions sample signiﬁcant regions of the potential
surface [155,156].
The linear HCN-HF complex has also been studied extensively in the gas phase,
using a wide variety of methods, including microwave [157], far [158] and mid- and near-
infrared [159171] spectroscopies. All of the fundamental vibrational frequencies have
been experimentally determined and many vibrational hot and combination bands have
also been observed, including those for many of the isotopomers. A number of approaches
have been used to experimentally measure the binding energy of this complex [172174],
the most accurate value coming from photodissociation experiments carried out in our
laboratory [174], namely 1970 cm−1. Numerous ab initio studies [175177] have been
reported for this system, providing theoretical estimates of the corresponding dissociation
energy. Although the extensive data sets available for the HCN-HF system have been used
in combination with ab initio calculations to reﬁne the potential energy surface associated
with this hydrogen bonded system [178], its comparative rigidity (relative to water dimer)
means that the observed states have wavefunctions that sample a limited region of the
potential surface quite close to the global minimum. Gaining access to regions far removed
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from the global minimum requires the probing of states at higher intermolecular energies.
Unfortunately, these state are generally diﬃcult to access spectroscopically, given that
they are not thermally populated and transitions to them from states that are have very
low oscillator strengths.
For systems that have higher energy local minima on the potential energy surface,
the possibility exists for kinetically trapping the associated complexes, resulting in the
formation of other isomeric structures. In cases where there are relatively low lying
isomers, these can often be observed in free jet expansions, where the cooling is fast
enough to trap these species [179]. Although other isomers of the HCN/HF system
have not been observed using these high resolution methods, matrix studies by Andrews
and Hunt [180] indicate that a reverse hydrogen bonded complex, namely HF-HCN, can
indeed be formed by the fast quenching provided by the matrix. Unfortunately, these
studies do not provide the kind of detailed spectroscopic data needed for a deﬁnitive
structural determination.
In the present study, we use helium nanodroplet spectroscopy to obtain high-resolution
infrared spectra of both isomers of the binary hydrogen cyanide-hydrogen ﬂuoride com-
plex, corresponding to excitation of both the H-F and C-H stretching vibrations. The well
known linear complex is of interest, given that the gas phase vibrational predissociation
lifetimes are known to be very diﬀerent for these two initial states, namely 58 ps and 13.5
ns, respectively [164]. The interest here is in seeing how the helium solvent aﬀects these
vibrational relaxation rates. The high resolution spectra for the higher energy HF-HCN
isomer provide the ﬁrst conclusive determination of the bent structure for this complex.
Ab initio calculations are also reported here, which conﬁrm the existence of this bent
isomer and provide us with further comparisons with experiment.
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5.2 Experimental Method
A single gas pick-up cell is used to dope the droplets with HCN and HF. Two needle
values were used to adjust the partial pressures of the two gases to optimize for the
pick-up of a single molecule of each. The two molecules rapidly diﬀuse together within
the helium droplet to form the complexes of interest [72]. The seeded droplets then pass
through the infrared laser excitation region and then on to a bolometer detector [181].
Multiple laser-droplet beam crossings are obtained using a spherical mirror multipass
cell [142]. The multipass cell is equipped with electrodes that are positioned so that a
large DC electric ﬁeld can be applied to the laser photolysis region. In the present study,
the laser polarization is aligned parallel to the applied static electric ﬁeld.
For the studies reported here, a tunable F-center laser was used to excite both the C-
H and H-F stretches of the complexes. The vibrational energy imparted to the molecules
is rapidly relaxed to the helium, resulting in the evaporation of several hundred helium
atoms. This reduces the ﬂux of helium to the bolometer, which is detected by amplitude
modulating the laser and using phase sensitive detection methods to observe the laser
induced signal. The resulting spectra were calibrated using a wavemeter and several
confocal etalons, as discussed in detail elsewhere [90].
5.3 Ab Initio Potential and Computational Method
To aid in the interpretation of the experimental results presented below, we carried
out extensive ab initio calculations on the intermolecular potential surface for the HCN-
HF complex, spanning both the linear, global minimum and the bent HF-HCN complex.
All of the calculations reported here were performed using MOLPRO [182] at the MP2 /
aug-cc-pVTZ level of theory. Figure 5.1 shows a two-dimensional cut through the HCN-
HF multi-dimensional potential energy surface. In this planar cut through the potential,
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both the intermolecular and intramolecular bond distances were optimized for each set
of angles (contours are separated by 100 cm−1).
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Figure 5.1: Potential energy surface corresponding to the two in-plane angles of the
HCN/HF binary system, obtained at the MP2 / aug-cc-pVTZ level of theory. The inter-
and intra-molecular bond lengths were optimized at each point on the potential surface,
and the energies were counterpoise corrected [183]. The intermolecular bond length is
deﬁned as the distance between the centers of mass of the two monomers. Two minima
are evident on the surface, one in the linear geometry (θ = 0 degrees, ϕ = 180 degrees,
E = −2615 cm−1) and the other with a bent geometry (θ = 180 degrees, ϕ = 40 degrees,
E = −957 cm−1).
The potential clearly shows a deep minimum in the linear HCN-HF conﬁguration,
as well as a much shallower and broader minimum in the bent HF-HCN geometry.
The equilibrium, counterpoise corrected dissociation energy (De) for the linear isomer
is calculated to be 2615 cm−1, in reasonable agreement with other theoretical stud-
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ies [175177,184186]. In contrast, the bent isomer is much more weakly bound, with an
equilibrium binding energy of only 957 cm−1. This large diﬀerence in binding energies
accounts for the fact that this higher energy isomer has not been observed previously in
free jet expansion experiments. The barrier along the minimum energy pathway from the
bent to the linear isomer is 534 cm−1. A barrier of this magnitude has proven to be suﬃ-
cient for the kinetic trapping of metastable species in helium droplets [135] (see Chapter
3), owing to the rapid dissipation of the condensation energy [25] to the helium, as the
two monomers approach one another. Geometry optimizations were also performed for
both isomers, the corresponding results for which are summarized in Table 5.1.
MP2 / aug-cc-pVTZ Bent HF-HCN Linear HCN-HF
De (cm−1) 957 2615
ν1 (cm−1) 4099 3833
Scaled ν1 (cm−1) 3938 3680
ν1 (cm−1)neonmatrix [180] 3926 3680
ν1 (cm−1)gas phase [164] · · · 3716.212
Iν1 (km/mol) 162 901
ν2 (cm−1) 3444 3455
Scaled ν2 (cm−1) 3290 3301
ν2 (cm−1)neonmatrix [180] 3282 3307
ν2 (cm−1)gas phase [164] · · · 3310.327
Iν2 (km/mol) 206 107
A′′ (cm−1) 42.7 · · ·
B′′ (cm−1) 0.0953 0.121
C ′′ (cm−1) 0.0950 · · ·
µ (Debye) 4.84 5.84
Table 5.1: Summary of ab initio vibrational frequencies and molecular constants obtained
at the MP2 / aug-cc-pVTZ level of theory for both isomers of the binary HCN-HF
complex. The scale factors for the vibrational frequencies are 0.961 and 0.955 for the
H-F and C-H stretching vibrations respectively, obtained from a comparison of the gas
phase and calculated frequencies of HF and HCN monomers.
5.4 Results
Since both isomers are expected to have large dipole moments, the searches for the
corresponding spectra were carried out using the pendular method [82,147], with a large
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DC electric ﬁeld applied to the laser interactions region. Since both the C-H and H-F
stretching vibrations have transition moments parallel to the permanent dipole moment,
the zero-ﬁeld spectra collapse into a single peak at the vibrational band origin, resulting
in considerable enhancements in the signal levels. In the case of the linear HCN-HF
isomer, the gas phase spectra for the C-H and H-F stretches [164] were used to guide the
search. However, since the gas phase spectrum of the bent HF-HCN complex has not
been reported, we made use of the scaled ab initio frequencies, as well as those from the
neon matrix study [180] to guide the search.
3915 3930 3945
 
 
 
3240 3255 3270 3285 3300 3315
0
15
30
45
60
 
S i
g n
a l
 
( a .
u
.
)
Wavenumber (cm-1)
 
1
3 2
°
‡ †

Figure 5.2: Pendular state spectra of the C-H and H-F stretching regions obtained with
a 40 kV/cm electric ﬁeld applied to the laser interaction region. The individual bands are
assigned to the linear HCN-HF isomer (1), bent HF-HCN isomer (2,3), HCN monomer
(◦), HCN-HCN (), HF-HF (†), and HF-N2 (‡). Many of the other bands are tentatively
assigned to higher order mixed complexes of HF and HCN, as discussed in the text.
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Figure 5.2 shows the pendular spectrum obtained under conditions where the pick-up
cell was optimized for doping the droplets with one molecule of each type. However,
since the pick-up process is governed by Poisson statistics [72], we also observe peaks in
the spectrum that are due to higher order complexes. A preliminary assignment of the
various peaks in the spectrum was obtained by recording the corresponding signals as a
function of the pick-up cell pressure. The most intense band in the spectrum, centered
at 3309.91 cm−1 and labeled as 1, is assigned to the ν2 fundamental (C-H stretch) of
the linear HCN-HF complex. Although not shown in Figure 5.2, the ν1 fundamental
(H-F stretch) was also observed at 3704.32 cm−1. Two additional bands were assigned
to the mixed binary complex, namely those at 3938.85 and 3286.37 cm−1 (peaks 2 and
3, respectively). These correspond to the ν1 and ν2 fundamentals of the metastable
HF-HCN complex, respectively, as discussed below.
5.4.1 The Linear HCN-HF Isomer
In the absence of an electric ﬁeld, the complexes are free to rotate within the helium
[17,19], although the rotational constants are typically found to be smaller than the gas
phase values. This is a result of the fact that the helium must move in response to the
molecular rotation. This issue has been discussed in detail elsewhere [6,20,23,30], with the
primary conclusion being that the helium response gives rise to an almost universal factor
of three reduction in the magnitude of the rotational constants, at least for molecules
that are in the heavy limit, where the helium atoms can keep up with the molecular
rotation, which certainly applies to the systems considered here.
Figure 5.3 shows the zero ﬁeld spectra for the (A) H-F and (B) C-H stretching modes
of the linear HCN-HF complex, along with ﬁts to a linear rotor Hamiltonian. For both
spectra, the rotational temperature was held ﬁxed at that of the droplets, namely 0.37
K [16]. The resulting molecular constants are summarized in Table 5.2. The free C-H
stretch is rotationally resolved, showing a classical P and R branch structure character-
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Figure 5.3: Rotationally resolved infrared spectra of the A) ν2 (C-H stretch) and B) ν1
(H-F stretch) fundamentals of the linear HCN-HF binary complex. The smooth lines
below each spectrum are ﬁts to a linear rotor Hamiltonian, giving rise to the constants
summarized in Table 5.2. The spectra were recorded with source conditions (50 bar, 21.0
K) that produced a mean droplet size of approximately 3000 helium atoms.
istic of a linear molecule. In contrast, the bonded H-F stretch is strongly broadened, to
the point where only the P and R contours are evident. The ﬁt to the spectrum of the C-
H stretch gives a rotational constant that has been reduced from the gas phase value [164]
by a factor of 2.5, in agreement with our expectations. The spectrum of the H-F stretch
was simulated by ﬁxing the molecular constants obtained from the spectrum of the C-H
stretch, while adjusting only the Lorentzian FWHM line width, yielding 0.18 cm−1. The
line width is a factor of approximately two broader than the corresponding gas phase
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Linear Isomer ν1 (H-F stretch) ν2 (C-H stretch)
B′′ (cm−1) 0.047(4) 0.047(4)
B′ (cm−1) 0.047(3) 0.047(3)
D′′ (cm−1) 0.0001(2) 0.0001(2)
D′ (cm−1) 0.00015(9) 0.00015(9)
ν0 (cm−1) 3704.32 3309.91(1)
∆ν0 (cm−1) -11.89 -0.42
Trot (K) 0.37 0.37
γ (cm−1) 0.18 0.024
Integrated area (a.u.) 1.0 0.17
µ′′ (Debye) · · · 5.8±0.1
µ′ (Debye) · · · 5.9±0.1
Table 5.2: Summary of the constants obtained from a ﬁt of the linear HCN-HF experi-
mental spectra to a linear rotor Hamiltonian.
value, namely 0.091 cm−1, the latter resulting from vibrational predissociation [164].
The implication is that the presence of the helium accelerates the vibrational relaxation
process, a phenomenon that has been observed previously for other systems [59]. In
comparison, the line width for the C-H stretch is nearly an order of magnitude smaller
(0.024 cm−1), showing that the vibrational relaxation rates are strongly vibrational mode
dependent. For the spectrum of the C-H stretch, it is assumed that the broadening is as-
sociated with inhomogeneous processes, for example, those associated with solute-solvent
interactions, as described in detail elsewhere [18,41,78,79]. This assumption is supported
by the fact that the transitions (particularly those associated with the low J states) have
asymmetric line shapes.
Figure 5.4 shows two experimental Stark spectra of the C-H stretching vibration,
recorded with rather small (compared to the pendular ﬁelds used above) applied electric
ﬁelds (0.84 and 1.71 kV/cm). The simulated spectra (the smooth lines) were obtained
by diagonalizing the Hamiltonian matrix for a linear molecule in an electric ﬁeld [147].
The rotational constants and vibrational origin were held ﬁxed in these simulations, at
the values obtained from the ﬁt to the zero-ﬁeld spectrum. The ﬁt to the electric dipole
moments in the ground and excited vibrational states yielded 5.8 ± 0.1 and 5.9 ± 0.1
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Figure 5.4: Stark spectra of the ν2 fundamental (C-H stretch) of the linear HCN-HF iso-
mer, recorded at two diﬀerent ﬁeld strengths, namely 0.84 and 1.71 kV/cm. A simulation
is shown below each spectrum, based upon vibrational ground and excited state dipole
moments of 5.8 and 5.9 Debye, respectively. The other constants (ν0 , B′′, B′, D′′, and
D′) were held ﬁxed at the values determined from the ﬁt to the zero-ﬁeld spectrum.
Debye, respectively. The dipole moment of the linear HCN-HF isomer in helium droplets
is in excellent agreement with the ab initio value of 5.84 Debye. However, both the ab
initio and helium droplet values are 0.2 Debye larger than the experimental gas phase
value (5.612 Debye) [187], an issue we will discuss below.
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5.4.2 The Bent HF-HCN Isomer
Figure 5.5 shows the zero ﬁeld spectra of the two bands assigned in the pendular
spectrum (from the pick-up cell pressure dependence and the ab initio scaled frequencies)
to the bonded C-H and free H-F stretches of the bent HF-HCN isomer. The formation
of this isomer in helium droplets is yet another demonstration of how the fast quenching
associated with the corresponding cluster formation results in the trapping of higher
energy isomers. From the ab initio potential presented above, it is clear that this is a
highly metastable isomer, lying 1660 cm−1 above the global minimum and separated from
it by a relatively low barrier, namely 534 cm−1.
The spectrum of the H-F stretch (Figure 5.5A) shows the expected P and R branch
structure for a Ka 0→0 (parallel) sub-band of a near prolate symmetric top molecule.
The ﬁt to the corresponding Hamiltonian yields (B + C)/2 for the ground and excited
vibrational states, as listed in Table 5.3. Comparing the experimental rotational con-
Bent Isomer ν1 (H-F stretch) ν2 (C-H stretch)
(B + C)′′/2 (cm−1) 0.037(3) 0.037(3)
(B + C)′/2 (cm−1) 0.036(2) 0.037(2)
D′′ (cm−1) 0.00010(8) 0.00011(8)
D′ (cm−1) 0.00010(5) 0.00010(5)
ν0 (cm−1) 3938.85(1) 3286.37(1)
Trot (K) 0.37 0.37
γ (cm−1) 0.014 0.020
Integrated area (a.u.) 0.089 0.13
µ′′ (Debye) · · · 4.8±0.1
µ′ (Debye) · · · 4.8±0.1
Table 5.3: Summary of the constants obtained from a ﬁt of the bent HF-HCN experi-
mental spectra to an asymmetric rotor Hamiltonian.
stants with those obtained from ab initio calculations (substituting here for the missing
gas phase value) yields a ratio of 2.6. It is important to point out that the H-F stretch
is not strictly a parallel band. In fact, the ν1 fundamental of the bent isomer should
be a hybrid band, with a calculated angle between the transition dipole moment and
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Figure 5.5: Rotationally resolved infrared spectra of the A) ν2 (C-H stretch) and B) ν1
(H-F stretch) fundamentals of the bent HF-HCN binary complex. The smooth lines below
each spectrum are ﬁts to a linear rotor Hamiltonian, yielding the constants summarized
in Table 5.3. The spectra were recorded with source conditions (50 bar, 21.0 K) that
produced a mean droplet size of approximately 3000 helium atoms.
the permanent dipole of 27 degrees. As a result, the Ka 0→1 sub-band should also be
observed. Unfortunately, we were unsuccessful in the search for this sub-band. This is
understandable, however, given our previous study of the HF dimer (solvated in helium
droplets), where we found that the Ka 0→1 sub-band was substantially broadened (2.2
cm-1), presumably due to fast rotational relaxation of the Ka = 1 state, compared to
the Ka 0→0 sub-band [97]. Fast rotational relaxation is thought to occur because of the
large A rotational constant for HF dimer (33.3 cm-1), which places the Ka = 1 states in
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close proximity to the droplet phonon modes [26]. Given that the ab initio A rotational
constant for the bent HF-HCN isomer is also large (42.7 cm-1), we expect the Ka 0→1
sub-band will be similarly broad for this system. Thus we assume that the absence of
this sub-band is simply a result of the limited detection sensitivity. Indeed, the signals
associated with the HF dimer Ka 0→0 sub-band are considerably larger than those for
the bent HF-HCN complex. In any case, the agreement between the experimental and
calculated vibrational frequencies and rotational constants, along with the pressure de-
pendence of the observed signals, make the assignment of the bands centered at 3938.85
cm−1 and 3286.37 cm−1 to the bent HF-HCN isomer ﬁrm.
Here again we ﬁnd that the line widths are vibrationally mode dependent, although
to a much lesser degree, with the free stretch having the narrower line width (0.014
cm−1) compared to the bonded stretch (0.020 cm−1). This is certainly consistent with the
weaker intermolecular bonding for this complex, which is likely to make the coupling of
the intramolecular and intermolecular degrees of freedom correspondingly less than that
for the linear isomer. Stark spectra were also recorded for the C-H stretching vibration
of the higher energy bent isomer. The experimental spectra in Figure 5.6 were ﬁt in the
manner discussed above, yielding an experimental dipole moment of 4.8±0.1 Debye, in
excellent agreement with the ab initio value of 4.84 Debye.
5.4.3 Higher Order Complexes
The data presented above clearly conﬁrms the assignments of four of the bands in the
pendular spectrum. Nevertheless, there are clearly many other peaks in the spectrum,
which were found to optimize at higher gas pick up cell pressures. Several of the more
intense bands were investigated in more detail, with the pick up cell pressure dependence
of the signal levels establishing them as mixed ternary complexes of HF and HCN. Figure
5.7 shows zero-ﬁeld spectra for three of the stronger bands.
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Figure 5.6: Stark spectra of the ν2 fundamental (C-H stretch) of the bent HF-HCN
isomer obtained with two diﬀerent ﬁeld strengths, namely 0.84 and 1.71 kV/cm. Below
each experimental spectrum is a simulation obtained using ground and excited vibrational
state dipole moments of 4.8 Debye. The other constants (ν0 , (B+C)′′/2, (B+C)/2′, D′′,
and D′) were held ﬁxed at the values determined from the ﬁt to the zero-ﬁeld spectrum.
The band centered at 3308.10 cm−1 (Figure 5.7C) is easily assigned to the C-H stretch
of the HCN-(HF)2 complex, given that it has already been observed in a gas phase,
molecular beam experiment [188]. While the band is only partially resolved, the ﬁt yields
a reasonable value for the (B+C)′′/2 constant, as indicated in Table 5.4. The vibrational
origin of the complex is shifted to the red by 0.18 cm−1 and the (B + C)′′/2 rotational
constant is reduced by a factor of 3.9, compared to the gas phase, giving further support
to this assignment. The assignments for the other bands are more diﬃcult, given the lack
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Figure 5.7: A selection of the zero-ﬁeld spectra of mixed ternary complexes of HF and
HCN, including A) HF-(HCN)2 (H-F stretch), B) HF-HCN-HF (free H-F stretch), and
D) HCN-(HF)2 (free C-H stretch).
of available gas phase spectroscopy for the other ternary complexes. It is interesting to
note that there have been a number of theoretical studies of the ternary complexes of HF
and HCN [175,189191], all indicating that the HCN-(HF)2 complex is the lowest energy
isomer. Using the ab initio calculations as a guide, along with the pressure dependence
of the signals, the other two bands in Figure 5.7 are tentatively assigned to A) the HF-
(HCN)2 complex, and B) the HF-HCN-HF bent isomer, in both cases corresponding to
the free H-F stretching vibrations. A fourth band was observed at 3307.57 cm−1 in
the pendular spectrum, but unfortunately the zero-ﬁeld spectrum was badly overlapped
with the much stronger HCN-(HF)2 band. Nevertheless, based solely on a comparison
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to the ab initio frequency shift [189], this band is tentatively assigned here to the free
C-H stretch of the (HCN)2-HF linear complex. The experimental and ab initio molecular
constants for all the observed ternary complexes are summarized in Table 5.4.
5.5 Discussion
The spectra obtained here for the bent HF-HCN molecular complex are the ﬁrst to
show rotational ﬁne structure for this isomer, which according to ab initio calculations
presented above, lies 1660 cm−1 above the global minimum, corresponding to the linear
isomer. We begin the discussion of the two isomers of the HCN/HF system by considering
their relative abundances in helium. This was done by integrating the band intensities
for the two isomers and using the ab initio calculations to correct for the eﬀects of the
vibrational oscillator strengths. The latter appear to be reliable, given that the isomer
population ratios obtained from the various combinations of the observed vibrational
modes were approximately the same, namely 2.3 corresponding to linear/bent. The fact
that the linear isomer is present in higher abundance is certainly reasonable; however,
it is important to emphasize that this ratio has nothing to do with the relative thermal
populations. Clearly if this system was in equilibrium at the droplet temperature, the
bent isomer would have no thermal population. Instead one should think of complex
formation within the droplet as being dominated by the long-range interactions, which
tend to steer the two molecules into one basin or the other, corresponding to the two
isomers. Considering the potential in Figure 5.1, it is likely that as the two molecules
approach one another within the droplet, there are more approach geometries that favor
the formation of the linear complex.
We now turn our attention to the eﬀects of the helium solvent on the vibrational
frequencies for the two observed bands of the linear HCN-HF complex. It has been
shown recently [6,46,53,146,192] that the solvent shift of vibrational frequencies in helium
96
droplets is likely due to two competing eﬀects. On the one hand, the shift is to the red
as a result of the attractive interactions between the solute and the polarizable helium
solvent. On the other hand, the short range repulsive interactions between the solute and
the helium atoms of the ﬁrst solvent shell will lead to a blue shift. These two competing
eﬀects have been shown to nearly cancel one another, such that the overall solvent shift
is quite small for many diﬀerent molecules solvated in helium. In the present study, we
observe solvent shifts of -11.89 cm−1 and -0.42 cm−1 for the H-F and C-H stretches of
the linear HCN-HF isomer, namely a bonded solvent shift that is a factor of 30 larger
than the shift for the free C-H stretch.
Much of the solvent shift to the red can be attributed to the transition dipole induced
dipole eﬀect described by Eichenauer and Leroy [193], in which the oscillating dipole
moment interacts with the induced dipole moment on the helium solvent. The shift due to
this eﬀect scales linearly with the square of the transition moment. As a result, the solvent
shift for the bonded H-F stretch is predicted to be a factor of 8 larger than for the free
C-H stretch, given the ab initio transition dipole moments of 0.18 D and 0.064 D for the
H-F and C-H stretches respectively. The ratio of the observed solvent shifts is nearly four
times larger than the diﬀerence predicted in this way. While there are other contributions
to the shift, including the change in permanent dipole and change in polarizability upon
vibrational excitation, we ﬁnd that these contributions are rather similar for the H-
F and C-H stretches, certainly not suﬃcient to account for the above discrepancy. It is
important to point out that the hydrogen atom involved in the bonded stretch is partially
shielded from the helium solvent, compared to the free stretch; therefore, the component
of the helium-induced frequency shift arising from the repulsive interactions (blue shift)
may be smaller for the bonded stretch. Thus, this could account for at least some of the
discrepancy between the observed and predicted ratios of the solvent shifts.
The large solvent shift for the bonded H-F stretch could also be due to a reduction in
the amplitude of the intermolecular bending vibration of the complex due to the solvent
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conﬁning potential. The result would be a more linear complex than in the gas phase,
which has a vibrationally averaged shift from the HF monomer of -245.211 cm−1 [164].
Even a modest change in the amplitude of the bending motion could lead to a large
change in the red shift of the H-F stretch in the complex. This can be appreciated by
considering the shifts predicted from the ab initio calculations (MP2 / aug-cc-pVTZ). In
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Figure 5.8: The bending potential (smooth, solid line) about the linear conﬁguration
of the HCN-HF complex (Figure 5.1 with θ equal to zero) along with the wavefunction
(black open circles) and the variation of the z-component of the permanent dipole moment
(blue squares) and the vibrational red shift from the HF monomer (red triangles).
the linear conﬁguration the calculated shift from the HF monomer is -290.3 cm−1, about
45 cm−1 larger than for the vibrationally averaged gas phase value. The extent to which
bending contributes to the vibrational averaging of the shift in the gas phase complex can
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be estimated from the ab initio calculations. In particular, the harmonic H-F vibrational
frequency was calculated as a function of the bending angle, as shown in Figure 5.8, with
the resulting curve averaged in accordance to the bending wavefunction derived from
the corresponding bending potential. The vibrationally averaged H-F frequency shift
obtained in this way is -224 cm−1, 66 cm−1 smaller than the shift predicted for the linear
equilibrium geometry, in reasonable agreement with the gas phase result. This certainly
shows the importance of the bending motion in determining the overall H-F frequency
shift from the monomer.
We now consider the eﬀect of the helium solvent in conﬁning the HCN-HF complex in
the bending coordinate, making it eﬀectively more linear. From the calculations presented
above, we would expect such an eﬀect to give rise to a solvent shift to the red. Previous
studies in the Whaley group [13,21,31] have shown that helium density in the ﬁrst solvent
shell around an impurity can be quite structured, with helium localized in the regions
corresponding to the minima on the helium-impurity interaction potential. The ab initio
potential surface (MP2 / aug-cc-pVTZ) for the He-HCN-HF system is shown in Figure
5.9, corresponding to the HCN-HF complex being held ﬁxed in the linear conﬁguration
(with all the bond lengths of the complex being relaxed at each point on the surface).
It is apparent that the He-HCN-HF interaction is highly anisotropic, with the global
minimum on the potential located in the T-shaped conﬁguration. This result suggests
that the helium will be strongly localized in a belt around the waist of the complex,
thereby crowding the H atom of the HF molecule. The red helium solvent shift observed
for the H-F stretch in the linear HCN-HF binary complex is therefore consistent with a
solvent induced stiﬀening of the intermolecular bend. Detailed quantum calculations of
the bending amplitude in the presence of a full solvent shell of helium are clearly needed
to further explore this solvent eﬀect
Let us now return to the issue of the dipole moment observed for the linear isomer.
The experimental dipole moment is 5.8±0.1 Debye in helium, which agrees very well
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Figure 5.9: A cut through the He-HCN-HF potential energy surface, calculated at the
MP2 / aug-cc-pVTZ level of theory. The HCN-HF geometry was optimized in the absence
of the helium and then held linear for the calculations of the He-HCN-HF potential
surface. The inter- and intra-molecular bond lengths of the HCN-HF complex were
optimized at each point on the surface, and the energies were counterpoise corrected.
The Jacobi Coordinates R and θ represent the distance of the helium atom from the
center of mass of the HCN-HF complex and the helium-center of mass-ﬂuorine angle.
with the MP2 dipole moment of 5.84 Debye. This agreement is deceiving, however, given
that the gas phase dipole moment is 5.61 Debye. Here again, vibrational averaging is
important. Indeed, averaging the ab initio z -component of the dipole moments over
the bending coordinate for the gas phase complex, in a manner similar to that described
above for the vibrational frequencies, yields a vibrationally averaged dipole of 5.64 Debye,
in excellent agreement with the gas phase value. This suggests then that the increase
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in the dipole moment upon helium solvation is again the direct result of the increased
linearity of the binary complex. It is important to point out that previous studies of the
eﬀects of the helium solvent on measurements of the dipole moments of rigid systems
such as HCN and HCCCN [149], indicate that the direct eﬀect of the polarization of the
helium (approximately 2%) is in the opposite direction and smaller than that observed
here. Once again, future theoretical eﬀorts will be necessary to conﬁrm the degree to
which the vibrationally averaged structure is modiﬁed by the helium solvent.
5.6 Summary
Rotationally resolved infrared spectra were obtained for the C-H and H-F stretch-
ing bands of the linear HCN-HF binary complex solvated in liquid helium droplets. In
addition, we have reported the ﬁrst rotationally resolved infrared spectra for the higher
energy bent HF-HCN isomer. While absent from the many studies of the HCN/HF sys-
tem in the gas phase, the bent isomer is formed in the ultra-cold helium environment
as a result of the rapid cooling provided by the solvent. The translational and internal
energy of the individual molecular species are cooled so rapidly upon pick up that the
system becomes trapped behind barriers between the approach geometry and the global
minimum on the potential surface. In helium droplets the linear complex is formed ap-
proximately twice as often as the bent isomer, suggesting that there are more approach
geometries that favor the formation of the linear complex. Dipole moments were mea-
sured for both isomers, and the results are in excellent agreement with the ab initio
calculations. The experimental dipole moment and solvent vibrational frequency shift
obtained for the linear isomer both suggest that the helium solvent acts to conﬁne the
complex, stiﬀening the intermolecular bending vibration. The reduction in the bending
amplitude of the binary complex is then consistent with the observed increase in both
the measured dipole moment and the solvent shift.
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The two stable isomers of the HCN/HF binary system represent a prototype system
for our ongoing studies of the vibrational dynamics of solvated molecular complexes in
helium droplets. The results presented here suggest experiments where one laser is used
to vibrationally excite one of the isomers, perhaps photo-initiating an isomerization, and
a second laser is used to probe the photo-products downstream.
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Table 5.4: Summary of the molecular constants obtained from the simulation of the zero-
ﬁeld spectra for the mixed ternary complexes of HF and HCN, along with the pick-up
cell (PUC) pressure dependence of the signal intensities. All units are in cm−1. SCF ab
initio values and gas phase experimental results are also presented for comparison, where
available.
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Chapter 6
Infrared-Infrared Double Resonance
Spectroscopy in Helium Nanodroplets:
Photo-Induced Isomerization
Two infrared lasers are used in a pump-probe conﬁguration to observe photo-induced
isomerization between the linear and bent isomers of HCN-HF, formed in helium nan-
odroplets. Vibrational excitation of the C-H and H-F stretching modes of these complexes
provides suﬃcient energy to surmount the barriers between them. The extent of pop-
ulation transfer is found to be diﬀerent for pumping the two isomers. In the case of
linear HCN-HF, the results suggest that the complex undergoes vibrational predissocia-
tion, followed by geminate recombination. Excitation of the higher energy bent HF-HCN
isomer results in complete population transfer to the linear complex. This isomer spe-
ciﬁc population transfer provides important clues regarding the associated vibrational
dynamics.
6.1 Introduction
In recent years, there has been rapid progress in the spectroscopic study of molecules
solvated in liquid helium. On the one hand, these studies provide information on the
properties of the helium solvent and the nature of their interactions with the molecule
[16, 17,19, 26], while on the other helium provides an ideal environment for forming new
species that are diﬃcult to produce in other ways [84,85,134,135]. The ability to isolate
molecules in a solvent as weak as helium results from the fact that the nanodroplets are
wall-less and helium is at least a better solvent than vacuum. Experimental methods
now exist for obtaining microwave (MW) [56,131,194], infrared (IR) [6,18,52,53,84,195]
and visible/UV [78, 196] spectra of solvated molecules. MW-MW [130] and MW-IR
[56, 131, 132] double resonance methods have also provided important clues concerning
the rotational motion of solvated molecules, while the combination of experimental and
theoretical [13,24,35,41,197] studies is now providing a quantitative understanding of the
rotational dynamics of these systems. For heavy rotors, such as SF6 [16], OCS [18, 19]
and HCCCN [56], the eﬀective moment of inertia in helium is typically much larger than
in the gas phase, owing to the fact that the helium can follow the molecular motion. For
light rotors, including water [198,199], ammonia [200], HCN [52] and acetylene [58], the
rotational frequency is so fast that the helium is unable to follow, such that the eﬀective
rotational constants are similar to those in the gas phase.
The vibrational dynamics of helium solvated molecules that follows infrared laser
excitation is much less well understood. The ultimate fate of the vibrational excitation
is generally known, namely resulting in the evaporation of several hundred helium atoms
from the droplet [55]. However, the detailed mechanisms associated with these relaxation
processes are not well understood. Some indirect evidence for how the molecules are
relaxed has come from studies of diatomic HF in helium [44], which has been shown
to remain vibrationally excited for the entire ﬂight time of the droplets through the
apparatus [201]. This is determined by the fact that laser induced excitation of the HF
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results in an increase in the energy of the droplet beam, as measured by a bolometer
detector [181]. The implication is that for a diatomic molecule, where there are no
intermediate states between the ground and excited vibrational levels, vibrational energy
transfer to the helium is very slow. In contrast, polyatomic molecules typically have a
whole ladder of vibrational levels, which allows the system to relax in a sequential set of
smaller energy steps, corresponding to a cascading of the molecule through at least some
of these intermediate levels. To date, however, experiments have not been done which
directly probe the transient population in these intermediate levels.
In the present study we report results obtained using an infrared pump-infrared probe
technique which could ultimately be used to probe these intermediate levels. However,
since the time resolution of the present experiments is limited by the use of continuous
wave lasers, we begin by considering the application of the method to the study of photo-
induced isomerization of a hydrogen-bonded complex, due to vibrational excitation. Gas
phase complexes are well known to undergo vibrational predissociation when the excited
intramolecular vibrational mode has an energy that is greater than the hydrogen bonding
energy [90, 164, 202204]. Indeed, much is already known about the associated energy
transfer processes that funnel energy from the intramolecular vibrational coordinate into
the intermolecular bond. The solvation of a complex in helium introduces a range of other
possible dynamical pathways. For example, if the vibrational predissociation lifetime is
long with respect to the relaxation rate to the helium, it is possible that intramolecular
vibrational excitation will not result in dissociation of the complex, even when the latter
channel is energetically open.
The IR-IR double resonance method used here has been discussed previously in Chap-
ter 4, where HCCCN was vibrationally excited in helium droplets and then probed again
after vibrational cooling was complete. In the HCCCN study, where isomerization of
the molecule is not possible, the results clearly show that the eﬀect of the ﬁrst photon
is simply to reduce the size of the droplet, due to helium evaporation. In the present
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chapter we apply this method to the hydrogen bonded HCN-HF binary complex, which
has two well characterized isomers in helium droplets (see Chapter 5). This system is
thus ideally suited to studying photo-induced isomerization, particularly given that the
energies of these two isomers are quite diﬀerent.
6.2 Experimental Method
In all of the studies reported here, the mean helium droplet size corresponds to ap-
proximately 3000 helium atoms (60 bar, 22.5 K nozzle conditions) [66,69]. The pressures
of HCN and HF, introduced into the same pick-up cell, are independently optimized
for the pick-up of one molecule of each type [17]. The molecules rapidly ﬁnd one an-
other within the helium droplet and fuse to form a binary complex, which is cooled to
the droplet temperature, namely 0.37 K [16]. The condensation energy associated with
cluster formation is rapidly removed by the helium droplet, resulting in the evaporation
of several hundred helium atoms [72]. In our previous study [60] (see Chapter 5) we
found that the linear HCN-HF isomer is formed approximately twice as often as the
higher energy bent HF-HCN complex. The relative populations of these two isomers are
controlled more by the approach geometries of the two molecules than by their relative
energies [60, 84,136].
The seeded droplets pass through two laser excitation regions separated by 8 cm,
corresponding to a droplet ﬂight time of 175 µ-sec. Each of these regions contains many
laser crossings, resulting from the use of spherical mirror multipass cells [142]. As noted
above, vibrational excitation of the molecules in the helium droplet eventually leads to
vibrational relaxation and the evaporation of several hundred helium atoms [55]. The
resulting decrease in the number of helium atoms reaching the bolometer [181] is detected
by amplitude modulating the laser and using phase sensitive detection.
The 175 µ-sec. time between the pump and probe lasers is suﬃcient to ensure that
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the excited molecules have cooled back to the ground state, prior to their entering the
interaction region of the downstream probe laser [55]. The probe laser used in the present
study is a cw F-center laser (Burleigh FCL-20), operating on crystals No. 2 (KCl:Li) or
No. 3 (RbCl:Li), pumped by 3.6 or 1.5 W of red light, respectively, from a krypton
ion laser. Details on the tuning and calibration of this laser are given elsewhere [90].
The pump laser is a cw periodically poled, lithium niobate optical parametric oscillator
(PPLN-OPO) (Linos Photonics) [143,144].
Each multipass cell is equipped with Stark electrodes so that the polar complexes can
be oriented using a large DC electric ﬁeld (∼ 30 kV/cm) applied to the laser interaction
region [82, 83]. By aligning the laser polarization direction parallel to the applied DC
ﬁeld, the entire ro-vibrational spectrum can be collapsed into a single (pendular state)
transition [80], resulting in a considerable improvement in both the pump and probe sig-
nals. The pump-probe results reported here were obtained by amplitude modulating the
PPLN-OPO (pump), which is held ﬁxed in resonance with the pendular transition associ-
ated with one of the vibrational bands of an isomer of the HCN-HF binary complex. The
un-modulated F-center laser (probe) is then tuned through the same or other vibrational
bands of the two isomers. Phase sensitive detection gives rise to a constant background
signal from the PPLN-OPO laser excitation, on top of which rides the signal from the
F-center laser. In this modulation scheme, the deviation from the constant background
signal, as a function of the F-center laser frequency, corresponds to the diﬀerence in the
infrared pendular spectrum between the pump laser being on and oﬀ. Since population
can be transferred either into or out of the probed isomer, the resulting double resonance
signals can be either positive or negative, relative to this background signal level, as
discussed in detail elsewhere [55], (Chapter 4).
108
6.3 Results
In Chapter 5 (see also [60]) we reported the ﬁrst high resolution infrared spectra of
the bent HF-HCN isomer, as well as helium nanodroplet spectra for the well studied (in
the gas phase) HCN-HF linear isomer, the latter corresponding to the global minimum
on the potential energy surface. This is yet another example where cluster formation in
helium nanodroplets [80,84,85,134,135,205] results in the formation of highly metastable
species. The zero-ﬁeld and Stark spectra of these two isomers of HCN-HF provide us
with the rotational constants and dipole moments needed to understand the pendular
spectra of these species. Figure 6.1(i) shows four pendular spectra recorded using the
F-center laser, with a large DC electric ﬁeld applied to the corresponding interaction
region. These four spectra correspond to the C-H and H-F vibrations of the two isomers.
The pendular spectra show only a single peak since in parallel polarization, all of the
corresponding transitions occur at the same frequency.
It is clear from this series of pendular spectra that the line width associated with
the hydrogen bonded vibrational mode of the linear isomer is signiﬁcantly larger than
the corresponding free C-H stretch. (Note that the frequency scale associated with the
bonded H-F stretch of the linear isomer is ten times that for the other modes, indicative
of the much greater broadening in this band.) This is consistent with what has been
observed previously in the gas phase, where the diﬀerence is even larger. Indeed, the
width of the gas phase ν1 band (H-F stretch) of the linear isomer is 230 times larger
than that of the ν2 band (C-H stretch) [164], which is rationalized by the fact that the
H-F stretch is much more strongly coupled to the intermolecular degrees of freedom,
compared with that of the C-H stretch, making the vibrational predissociation rate for
the H-F stretch correspondingly larger. In the helium nanodroplet pendular spectra the
line width of the H-F stretch is 15 times that of the C-H stretch. The smaller diﬀerence
is at least in part due to the fact that the broadening associated with the C-H stretch of
the linear isomer has a signiﬁcant contribution from inhomogeneous broadening, due to
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Figure 6.1: Pendular spectra (i) of the C-H and H-F stretching vibrations of the bent
and linear isomers of HCN-HF in helium droplets. The probe laser was scanned over
each of the transitions associated with the vibrational modes indicated along the top
of the ﬁgure. The double resonance spectra (ii -v) were obtained by ﬁxing the OPO
pump to the frequency corresponding to the peak in the pendular spectrum (the pumped
vibration is shown to the right of the ﬁgure) and then scanning the F-Center probe laser
through each pendular transition. A negative / positive signal in the double resonance
spectrum corresponds to a reduction / increase in the population of the pumped isomer.
The source conditions were held ﬁxed for all single and double resonance spectra at a
backing pressure of 60 bar and a nozzle temperature of 22.5 K producing a mean droplet
size of approximately 3000 helium atoms [69].
the droplet size distribution [66]. Indeed, the asymmetric line shape of the corresponding
pendular spectrum shows a tail to the blue, which is characteristic of broadening due to
the distribution of droplet sizes in the beam [55].
It is also interesting to note that the line width associated with the ν1 band of the
linear isomer is 1.6 times that obtained in the gas phase [164], the implication being that
the vibrational relaxation rate (corresponding to vibrational predissociation in the gas
phase) is enhanced by the presence of the helium solvent. This eﬀect has been observed
previously for HCN dimer [59], where the vibrational relaxation rate in helium was found
to be 40 times faster than in the gas phase. This makes qualitative sense given that gas
110
phase vibrational predissociation of small complexes is quite often in the sparse density of
states regime. Thus the presence of the elementary excitations of the helium can provide
the additional density of states needed to allow for more nearly resonant, and therefore
faster, vibrational relaxation.
The two bands of the bent isomer, corresponding to the free H-F stretch and the
bonded C-H stretch, both appear to be inhomogeneously broadened, as indicated by the
tails to the blue side of the spectra. In this case the FWHM line width of the bonded C-H
stretch (335 MHz) is only slightly broader than the free C-H stretch of the linear complex
(291 MHz). This small diﬀerence is consistent with the fact that the intermolecular bond
in the bent isomer is rather weak, making the associated intramolecular coupling also
weak and the corresponding lifetime rather long. The free H-F stretch of the bent isomer
is particularly narrow, with a FWHM line width of only 77 MHz, again reﬂective of the
weak coupling in this complex.
We now turn our attention to the pump-probe experiments that are shown in Figure
6.1(ii)-(v). These spectra were all obtained with a large DC electric ﬁeld applied to
the upstream, pump laser interaction region and ﬁxing the pump laser at the peak of
the pendular spectra, corresponding to the modes indicated to the right of the ﬁgure.
Although several diﬀerent modulation schemes were investigated, these spectra were ob-
tained by amplitude modulating the pump laser, while the downstream probe laser was
scanned through the pendular transitions indicated above. In this modulation scheme
the double resonance spectra correspond to the diﬀerence in the probe laser spectrum,
with and without the pump.
Figure 6.1(v)(b) shows a double resonance spectrum resulting from pumping and
probing the same C-H stretch of the linear isomer. This spectrum has both a negative
hole and positive pile, which previously have been shown to arise from the fact that
the pumped molecules that have returned to the same ground state are now in a smaller
droplet, which shifts the spectrum to the blue (the pile) [55], depicted schematically in
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Figure 6.2. A ﬁt to this double resonance spectrum consisting of two Lorentzians of
opposite sign, separated by 162 MHz, yields line widths for the hole and pile of 231 MHz
and 258 MHz, respectively, which are both narrower than the overall line width of the
single resonance pendular spectrum.
Figure 6.2: A schematic diagram showing the photo-induced droplet evaporation and
cluster isomerization resulting from pumping the linear HCN-HF complex.
In our previous study of the vibrational relaxation of a stable molecule in helium,
namely HCCCN, we found that the areas of the hole and pile were approximately the
same (within 8%), indicative of the fact that the system has no where else to go but back
to the ground state, following vibrational excitation. The small diﬀerence was attributed
to the fact that the pump process results in a small deﬂection of the droplet beam, due to
helium evaporation, meaning that some of the pumped molecules miss the downstream
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interaction region and the detector. In contrast, the areas for the linear HCN-HF complex
are quite diﬀerent when pumping and probing the free C-H stretch. Indeed, the signal
for the pile only accounts for 58% of the total depletion, indicated by the area of the hole,
as is immediately apparent from the spectrum in Figure 6.1(v)(b). The same situation
is evident in Figure 6.1(v)(c) where the H-F stretch of the linear isomer is probed after
pumping the corresponding C-H stretch. In this case, the broadening is suﬃcient to blur
the hole and pile into a single peak. The net negative signal clearly indicates that the
hole has more intensity than the corresponding pile. So the obvious question is, where is
the missing intensity? This question can be answered directly by tuning the probe laser
through the C-H and H-F vibrational bands of the bent isomers, as shown in Figures
6.1(v)(a) and 6.1(v)(d), respectively. The positive going signals observed for these two
bands clearly show that vibrational excitation of the C-H stretch of the linear isomer
results in population transfer to the bent isomer. This photo-induced isomerization
process is clearly feasible given the excitation of the C-H stretch of the linear isomer puts
the complex approximately 1750 cm−1 above the isomerization barrier [60].
A quantitative analysis of the areas for these various processes can provide detailed
information on the eﬃciency of this isomerization process. After correcting for the dif-
ferent transition moments for the various vibrations, using the ab initio results [60] from
Chapter 5, as well as for changes in the probe laser intensities for the diﬀerent spectra,
we obtain the results reported in Table 6.1. These results indicate that 29% of the C-H
excited linear complexes ﬁnd their way into the bent isomer during the relaxation process.
When combined with the 58% that cool back into the linear isomer, we have accounted
for 87% of the overall population. Excitation of the H-F stretch of the linear isomer
gives essentially the same results. At least some of the missing population is indicative
of the droplet deﬂection referred to above [55]. The fact that this value is somewhat
larger than that observed previously for HCCCN [55] could be due to the fact that the
droplets used here are on average somewhat smaller, due to the additional evaporation
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Pump / Probe L(C-H) L(H-F) B(C-H) B(H-F)
L(C-H) 2.4 / 1.4 (hole / pile) 0.9 0.7 0.7
L(H-F) · · · 1.3 0.8 0.4
B(C-H) 1.5 2.2 2.8 2.0
B(H-F) 1.4 3.7 1.9 3.3
Table 6.1: Integrated areas of the double resonance spectra for the HCN-HF linear and
bent isomers. The areas are corrected for the initial population ratio of the linear and
bent isomers in the droplets (2.3), the ab initio intensities, and the F-Center probe laser
powers. For the case of both pumping and probing the C-H stretch of the linear isomer
(L(C-H) / L(C-H)), the hole and pile areas were obtained by ﬁtting the double resonance
spectrum to two Lorentzians of opposite sign.
that comes with the formation of the HCN-HF complexes within the droplets. In addi-
tion, the use of the approximate ab initio intensities in determining the integrated areas
may introduce an error that becomes important when comparing the double resonance
spectra for the diﬀerent isomers. The other possibility is that there is some other minor
species that is formed during this photo-excitation process that we have not yet spec-
troscopically identiﬁed. In fact, it is important to note that this approach of pumping
and probing the same species can provide us with clues with regards to whether or not a
photo-induced process has occurred. Indeed, if the hole is signiﬁcantly deeper than the
pile, we immediately know that there must be some other relaxation channel that is then
worth determining.
One channel we did explore corresponds to the possibility that vibrational predis-
sociation of the complex results in the loss of one of the fragments from the droplet,
which would obviously prevent the re-formation of the complex. Indeed, recent studies
of CH3I [206] and CF3I [207] in helium droplets have revealed (at least in this high en-
ergy dissociation process) that escape from the droplet is possible. We looked for this
channel by tuning the probe laser to the C-H stretch and H-F stretch transitions of the
HCN and HF monomers in helium droplets. No double resonance signals were observed
in either case, regardless of the isomer pumped. Presumably, the low translational recoil
associated with vibrational predissociation [174,208] is insuﬃcient to eject the fragments
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from the droplets. This makes sense given that the solvation energy of a molecule in
helium [41] is much greater than the translational energies typical of a vibrational pre-
dissociation process [174]. In contrast, 266 nm photodissociation of CH3I gives rise to
1.3 eV of translational energy [209], suggesting a more ballistic ejection process.
Figure 6.3: An energy level diagram showing the relative energies of the two HCN-HF
isomers and the corresponding transition state, obtained at the MP2 / aug-cc-pVTZ
level of theory. The arrows indicate the vibrational excitation energy of the C-H and
H-F stretching vibrations, while the horizontal bars indicate the available energy. The
rotational states of HF are built on top of the vibrational states of HCN, representing the
open photo-fragment channels for the binary complex, assuming vibrational excitation is
followed by dissociation.
It is interesting to point out that the above results indicate that the linear isomer
is formed twice as often as the bent upon excitation of either the C-H or H-F stretch
of the linear isomer, namely the same isomer ratio observed in the initial formation of
the complexes within the droplets. This result provides a signiﬁcant clue concerning the
mechanism of the population transfer. As shown in Figure 6.3, the excitation energy
of the linear isomer is 1340 cm−1 above its dissociation limit (given that D0 = -1970
cm−1 [174]), making it reasonable to expect that the complex might undergo vibrational
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predissociation (similar to that observed in the gas phase) before the energy is transferred
to the helium. Subsequent geminate recombination, due to the collision of the fragments
with the helium solvent cage, could then result in the re-formation of the complexes with
the same isomer ratio as observed in the original pick-up process (see Figure 6.2). Indeed,
provided that the fragments separate to a large enough distance such that they lose all
memory of their relative orientations (the intermolecular interactions become negligible),
they will re-condense with the same isomer ratio as obtained from pick-up, assuming
they are also internally cold. This seems possible since the diameter of a 3000 helium
atom droplet is approximately 6.4 nm, while the interaction energy of the two fragments
at 4 nm is approximately 0.4 K (with the dipole moments of the fragments aligned),
as determined from the ab initio results. Of course, the results reported here are only
suggestive of the mechanism, and we cannot rule out the possibility that isomerization
occurs without dissociation and that the 2:1 isomer ratio observed for the photo-induced
processes is purely a coincidence.
We now turn our attention to the double resonance spectra shown in Figure 6.1(ii -
iii), corresponding to pumping the H-F and C-H stretching vibrations of the higher
energy bent isomer. The vibrational energy associated with H-F excitation puts the bent
complex 3400 cm−1 above the isomerization barrier and 3000 cm−1 above the dissociation
limit (see Figure 6.3), while the corresponding values for C-H stretch excitation are
2800 cm−1 and 2400 cm−1. These values are considerably larger than those for the
linear isomer, which might result in diﬀerent dynamical processes. It is evident from
these double resonance spectra that photo-induced population transfer between the two
isomers is again occurring, although the associated dynamics are qualitatively diﬀerent
than those discussed above. The most obvious diﬀerence is that only the depletion signal
(the hole) is observed when pumping and probing the modes of the bent isomer. This
is despite the fact that the corresponding double resonance spectra are sharp, suggesting
that the depletion signal is not simply the sum of the hole and pile (as is the case for the
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results in Figure 6.1(iv)(c) and 6.1(v)(c)). The implication is that none of the excited
bent complexes make it back into the ground state of the bent complex. Instead, the
entire pumped population appears to have been transferred to the linear isomer upon
vibrational excitation. This is conﬁrmed by probing the linear isomer, following pumping
of the bent isomer, where the corresponding signals are now all positive. The quantitative
results are given in Table 6.1. These isomer speciﬁc processes are clearly of considerable
interest, even though we do not yet have a complete understanding of them. Indeed,
further experimental and theoretical work will be needed to reveal the details associated
with these dynamical processes.
6.4 Discussion
We have presented here the ﬁrst observation of photo-induced isomerization of a
weakly bound, hydrogen bonded complex embedded in helium droplets. The vibrational
excitation energies in the present study are well above the barriers to isomerization be-
tween the two isomers of HCN-HF, as well as the dissociation energies of the complexes.
The results clearly show that the helium solvent does not quench the excited molecules
fast enough to prevent isomerization. While the dynamical processes appear to be mode
independent, there is a strong dependence upon which isomer is initially excited. Indeed,
excitation of either the H-F or C-H stretches of the linear isomer results in the same ra-
tio of isomer populations that is obtained from the initial pick-up process. This at least
suggests that complex dissociation is occurring before the helium can fully quench the sys-
tem, followed by geminate recombination of the cooled fragments. In contrast, pumping
the C-H and H-F stretches of the bent isomer results in complete population transfer to
the lower energy, linear isomer. As shown in Figure 6.3, the energy diﬀerence between the
two isomers is quite large, making the energetics associated with isomerization in the two
directions quite diﬀerent. The available energy is considerably larger when pumping the
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bent isomers, which could very well be the determining factor in controlling the dynam-
ics. Indeed, the higher density of states in this region could result in faster intramolecular
vibrational energy redistribution (IVR), compared to that associated with pumping the
linear isomer. Higher IVR rates would compete with vibrational predissociation, eﬀec-
tively heating the molecule internally, allowing it to equilibrate into the lower energy
isomer structure. IVR would also improve the coupling of the intramolecular vibrational
energy to the helium solvent (since the lower frequency vibrations associated with the
corresponding dark states [210,211] are more easily quenched by the helium [58,97]).
It is interesting to note that ﬁnal state distributions of the photo-fragments resulting
from C-H stretch and H-F stretch excitation have been measured for the linear complex
in the gas phase [174]. In both cases it is found that the majority of the available energy
appears as HF rotation (ie. V-R transfer), with the HCN fragment produced in the
ground vibrational state. This is despite the fact that the bending excited state of HCN
is energetically accessible. If the early time dynamics of the linear isomer are similar in
liquid helium, the rotationally excited HF fragment will likely be quenched rapidly by the
helium. Indeed, in an earlier study of the HF monomer in helium [44], we found that the
J = 1 level was quenched in approximately 12 psec. Thus the production of ground state
HCN and rotationally excited HF, which is rapidly quenched (assuming the higher HF
rotational states are similarly quenched by the helium), could then give rise to geminate
recombination of the cold molecules, producing the same isomer ratio as resulting from
pick-up. Alternatively, if the HCN were produced in a vibrationally excited state, the
slow vibrational relaxation of this molecule might mean that recombination occurred
before the molecule was fully relaxed. In this case, there would be no reason to think
that the isomer ratio would be the same as that obtained by the pick-up of ground state
molecules.
As noted above, and apparent from Figure 6.3, the available energy upon excitation
of the bent isomer is much higher than in the case of the linear complex. In the above
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scenario we propose that faster IVR rates eﬀectively heat the molecule internally, allow-
ing it to rearrange and cool at a slow enough rate so that complete population transfer
results. Alternatively, the complex could still vibrationally predissociate, but due to the
higher excess energy, result in the population of vibrationally excited states of the HCN
fragment. If geminate recombination occurs more rapidly than vibrational relaxation
of the HCN fragment (which seems likely given that the typical vibrational relaxation
lifetimes in helium are on the nanosecond time scale [59]), the result would still be the
formation of a hot cluster, which could then go on to isomerize into the linear complex.
The mechanisms proposed here provide a reasonable explanation for the observed iso-
mer ratios, resulting from pumping the two isomers of HCN-HF. Nevertheless, further
experimental and theoretical work will be needed to test these ideas and to glean deeper
insights into these interesting phenomena. For example, time resolved pump-probe ex-
periments could be used to observe the transient monomers that result from vibrational
predissociation, if it is indeed occurring. Alternately, the transient development of hot
bands in the spectrum of the complex could provide insights into IVR mechanisms that
might be important.
6.5 Summary
Infrared-Infrared double resonance spectroscopy has been used as a tool to study the
vibrational dynamics of the hydrogen bonded HCN-HF isomers in helium nanodroplets.
Following the absorption of the ﬁrst infrared photon, population transfer is observed
from the excited complex to a second stable isomer. Pumping the lower energy linear
isomer results in the production of both isomers upon cooling by the helium. In this
case the isomer ratio is essentially the same as that obtained following the initial pick-up
and complexation in the helium droplets. We tentatively explain these results in terms
of vibrational predissociation of the linear complex, followed by geminate recombination
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due to interaction with the solvent cage. The results also suggest that the fragments are
cooled by the solvent on a time scale that is fast with respect to geminate recombination.
In contrast, vibrational excitation of the metastable, bent isomer results in complete
population transfer to the linear complex. The implication seems to be that the complex
either does not dissociate, but undergoes IVR to produce a hot cluster, which slowly
cools into the more stable linear isomer, or dissociates to produce vibrationally excited
fragments that do not cool before recombination occurs, again producing a hot complex
which can then isomerize.
The IR-IR double resonance method presented here could also be used to study the
photo-initiation of a reaction from a metastable entrance channel complex [139]. In
this case, the spectral signature of the reaction would be the appearance of a product
complex, with the hole associated with the reactant complex having more intensity than
the pile. In systems where the hole and the pile in the double resonance spectrum have
approximately the same intensity, it would be immediately obvious that reaction has not
occurred. Current work in our laboratory is underway to apply this technique to the
study of chemical reactions occurring within the superﬂuid helium solvent, as well as the
application of the method to the study of photo-induced isomerization in biomolecule-
water complexes [212,213].
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Chapter 7
Infrared-Infrared Double Resonance
Spectroscopy of the Isomers of
Acetylene-HCN and
Cyanoacetylene-HCN in Helium
Nanodroplets
Infrared-Infrared double resonance spectroscopy is used to probe the vibrational dy-
namics of molecules solvated in helium nanodroplets. We report results for the Acetylene-
HCN and Cyanoacetylene-HCN binary complexes, each having two stable isomers. The
double resonance spectra reported in the current chapter complement those discussed
previously for HCN-HF, adding to our understanding of the associated vibrational dy-
namics and relaxation process. We ﬁnd that vibrational excitation of an Acetylene-HCN
complex results in a population transfer to the other isomer. Photo-induced isomeriza-
tion is found to be dependent on both the initially excited vibrational mode and the
identity of the Acetylene-HCN isomer. However, population transfer is not observed for
the Cyanoacetylene-HCN complexes. The results are rationalized in terms of the ab initio
intermolecular potential energy surfaces for the two systems with particular emphasis on
the long-range barriers to rearrangement.
7.1 Experimental Method
The method used for the experiments in the current chapter is similar to the descrip-
tion given in Chapters 4 and 6. The nozzle conditions used for the present experiments
produced droplets with a mean size of approximately 3000 helium atoms having a diam-
eter of approximately 6 nm. Complexes of HCN-Acetylene or HCN-Cyanoacetylene are
formed within the droplets as the droplet beam passes through a diﬀerentially pumped,
3.5 cm long gas pick-up cell containing HCN and either Acetylene (HCCH) or Cyanoacety-
lene (HCCCN). The partial pressure of HCN in the pick-up cell is optimized such that
each droplet on average picks up one HCN molecule. The HCCH or HCCCN gas is then
added to the same pick-up cell such that the binary complexes may be formed within
the droplets. The translational and internal energy of each monomer along with the
condensation energy of the complex is rapidly [25] removed, resulting in the reduction of
the droplet size by approximately 500 helium atoms as the droplet evaporatively cools
to a temperature of 0.37 K [16].
In a typical infrared single resonance experiment, the energy associated with the vi-
brational excitation of a solvated molecule is quenched by the helium droplet, resulting
in the evaporation of approximately an additional 660 helium atoms (5 cm−1 per evap-
orated helium atom) [25]. The infrared spectrum of the solvated molecule is recorded
by monitoring the laser-induced reduction of the on axis helium ﬂux, as detected by a
bolometer detector, using phase-sensitive techniques (amplitude modulating the infrared
laser). For the IR-IR double resonance experiments, two spherical mirror laser multipass
cells are used to focus multiple passes of the lasers onto the droplet beam to improve the
overall sensitivity of the technique. The two multipass cells equipped with Stark elec-
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trodes are separated by 8 cm, corresponding to a droplet ﬂight time of approximately 175
µs between the two laser interaction regions. In a previous report on the IR-IR double
resonance spectroscopy of the HCCCN monomer in helium droplets [55] (see Chapter 4),
it was shown that the travel time between the two interaction regions was suﬃcient such
that the HCCCN molecules that absorbed a photon from the pump laser were completely
cooled prior to entering the probe laser multipass cell. For the double resonance spectra
reported here, the upstream pump infrared laser is held at a ﬁxed frequency in resonance
with a vibrational band of the solvated complex. By amplitude modulating the pump,
and scanning the un-modulated downstream probe laser, a double resonance spectrum
is obtained corresponding to the diﬀerence between the infrared spectra of the ground
state complexes obtained with the pump laser on and oﬀ. This double resonance spec-
trum rides on top of the single resonance signal from the pump. As was recently shown
for the two binary isomers of HCN-HF [214] (see Chapter 6), an enhancement (depletion)
in the population of a particular isomer, resulting from photo-induced isomerization, is
observed as a positive (negative) signal in the double resonance spectrum.
To further improve the pumping eﬃciency and overall sensitivity, we make use of the
pendular state method (see Section 2.4), corresponding to the brute-force orientation
of polar solvated complexes using a large DC electric ﬁeld applied to each laser-droplet
beam interaction region. In the present experiments, the polarizations of the infrared
laser and OPO were aligned parallel to the static DC electric ﬁelds. The result is a
factor of three improvement in the band intensity as a result of the improved overlap
between the laser electric ﬁeld and the vibrational transition moments for the parallel
bands studied here. In addition, for the electric ﬁeld strengths used here ( 30 kV/cm),
the rotational structure is collapsed into a single peak at the vibrational band origin [82],
further improving the sensitivity in addition to simplifying the double resonance spectra.
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7.2 Results
7.2.1 Cyanoacetylene-HCN
Binary molecular complexes having multiple stable isomers within the helium droplets
are of interest, as they provide an opportunity to probe photo-induced isomerization
dynamics with IR-IR double resonance spectroscopy, as was recently reported for the
isomers of HF-HCN. The HCCCN/HCN system is another example of a multi-isomeric
system, as is evident from the ground state electronic intermolecular potential energy
surface shown in Figure 7.1. The counterpoise corrected ab initio potential surface,
calculated at the MP2 / aug-cc-pVDZ level of theory, was obtained by ﬁxing the in-
tramolecular degrees of freedom to their equilibrium values for the individual fragments.
The intermolecular bond distance, corresponding to the distance between the center of
mass of each fragment, was then optimized at each set of in-plane angles. There are two
minima on the potential surface corresponding to the two linear structures, having sim-
ilar binding energies. Full geometry optimizations and harmonic frequency calculations
were performed at a higher level of theory (MP2 / aug-cc-pVTZ) for each isomer on the
surface, along with the transition state between the two, and the results are reported in
Table 7.1.
MP2 / aug-cc-pVTZ HCN-HCCH HCN-HCCH HCN-HCCCN HCCCN-HCN
(Linear) (T-Shaped)
ν0 free stretch (cm−1) 3455.51 3421.19 3451.38 3466.78
I (km/mol) free 79 110 79 87
ν0 bonded stretch (cm−1) 3403.34 3409.68 3395.63 3376.10
I (km/mol) bonded 270 270 430 490
µ (Debye) 3.62 3.56 7.81 7.93
B ′′ (cm−1) 0.05504 0.06890 0.02355 0.02438
De(cm−1) -890 -859 -1506 -1666
Transition State (cm−1) -648 -736
Table 7.1: Ab initio harmonic frequencies, dipole moments, and counterpoise corrected
binding energies obtained at the MP2 level of theory with a Dunning {} aug-cc-pVTZ
basis set.
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Figure 7.1: A cut through the potential energy surface (MP2 / aug-cc-pVDZ) of the
HCN/HCCCN binary system showing minima in both linear geometries. The inter-
molecular separation between the centers of mass of the two monomers was optimized
for each point on the surface. The angles θ and ϕ correspond to the two in-plane angles,
and the contours are separated by 50 cm−1. The values under each graphic correspond
to the counterpoise corrected binding energies of each isomer and the transition state ob-
tained from full geometry optimizations at the MP2 level of theory with an aug-cc-pVTZ
basis set.
The more stable HCCCN-HCN isomer (De = -1666 cm−1) is separated from the higher
energy HCN-HCCCN isomer (De = -1506 cm−1) by a 930 cm−1 barrier along the mini-
mum energy pathway to isomerization. While the ν1 and ν2 spectra of the HCCCN-HCN
binary complex have been measured in a molecular beam gas phase experiment [137,215],
the higher energy HCN-HCCCN isomer was not observed, presumably due to exchange
collisions present in the free-jet expansion that allow the system to condense to the low-
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est energy conﬁguration. The sequential pick up of fragments into the helium droplets
has been shown on several occasions [80,85,134,135] to result in the formation of exotic
species that are diﬃcult or impossible to form in free-jet expansions. The growth of
linear chains of (HCN)n (n>3) [84] in helium droplets is an example of how long-range
intermolecular interactions are important in pre-orienting the complex as the fragments
approach one another in the droplet. As the internal energy of each fragment and the
condensation energy of the complex are rapidly removed by the helium, the HCN com-
plexes become trapped behind barriers between the locally stable linear complexes and
the global minimum cyclic structures. A similar mechanism for the formation of the
higher energy HCN-HCCCN complex in helium is likely given the strong long-range
dipole-dipole interaction and the signiﬁcant barrier between the two minima on the HC-
CCN/HCN potential energy surface.
The pendular state spectra shown in Figure 7.2 (lower set) were obtained with HCN
and HCCCN present simultaneously in a gas pick-up cell with each pressure optimized
for the pick up of one molecule of each by the droplets. A large DC ﬁeld was applied
to the downstream (F-Center) laser interaction region to collapse the entire rotational
structure of each band into one peak near the vibrational band origin. Also shown are
the spectra (upper set) under the same conditions except either the HCN or the HCCCN
was turned oﬀ. The top spectra in Figures 7.2B and 7.2C correspond simply to the
free and hydrogen bonded C-H stretching bands of the HCCCN dimer, while the top
spectra in Figures 7.2A and 7.2D are the spectra for the HCN dimer. When the two
gases are present together in the pick-up cell, four new bands appear which are assigned
to the ν1 and ν2 bands of the HCN-HCCCN and HCCCN-HCN binary complexes. The
new bands that appear in Figures 7.2A and 7.2B are easily assigned to the lower energy
HCCCN-HCN C-H stretching bands, given their relatively small frequency shifts from
the gas phase band origins. A 0.09 cm−1 blue shift and a 4.06 cm−1 red shift is observed
for the free and bonded C-H stretches, respectively. There are, however, no gas phase
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spectra for the HCN-HCCCN complex, but given the small shift from the ν1 band of
the HCN dimer, the band centered at 3308.02 cm−1 is assigned to the ν1 of the HCN-
HCCCN isomer, while the band at 3259.33 cm−1 is assigned to the ν2 hydrogen bonded
C-H stretch. Additional support for the assignment of the spectra in Figure 7.2 comes
from the pick-up cell pressure dependence of the pendular bands, indicating that all of
the bands correspond to complexes containing a single HCN and HCCCN molecule. The
observation of the higher energy HCN-HCCCN isomer is yet another example of how
the unique growth processes of clusters in helium droplets allow for the study of novel
species that correspond to regions of the intermolecular potential surface far from the
global minimum.
Turning oﬀ the electric ﬁeld and scanning the F-Center laser over each of the four
new bands gives the zero-ﬁeld spectra shown in Figures 7.3 and 7.4. The ν1 spectrum of
HCCCN-HCN in Figure 7.3B is overlapped with the free C-H stretching band of the
HCCCN dimer. While the small frequency shifts from the gas phase provide considerable
support to the assignment of the vibrational bands in Figure 7.3 to the HCCCN-HCN
linear isomer, the rotational structure of the spectra certainly does not resemble that of
a linear molecule. The prominent Q-branches are instead reminiscent of the spectra of
a parallel band of a prolate symmetric top. The presence of Q-branches in the spectra
of linear molecules embedded in helium droplets is not without precedent. In fact, the
ﬁrst such observation was for the spectrum of the linear HCCCN dimer [80], as can be
seen in Figure 7.3B centered at 3324.24 cm−1. The spectra of the linear HCN chains
discussed above also possess the anomalous Q-branches. A recent path-integral Monte
Carlo (PIMC) study [22] has shown that the moment of inertia about the A-axis, IA,
arises due to a normal ﬂuid fraction in the cylindrically symmetric region about the
dopant molecule. This normal ﬂuid response to rotation consists of thermal excitations
in the ﬁrst solvation layer around the dopant. Indeed, the PIMC calculations were able
to predict the Q-branch intensities for the HCN linear chains for n = 3− 6 [216].
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Figure 7.2: Pendular state spectra of the HCN/HCCCN isomers recorded at source
conditions corresponding to the formation of droplets having a mean size of 3000 atoms.
The top spectrum in A) was recorded with only HCN in the pick-up cell, while the top
spectrum in B) was recorded with only HCCCN present. Both HCCCN and HCN were
present for the spectrum at the bottom of each set. The bands at 3308.07 and 3237.57
cm−1 correspond to the C-H stretching vibrations of the HCN dimer, while those at
3324.24 and 3257.12 cm−1 are the associated C-H stretch bands of the HCCCN dimer.
Below each spectrum in Figure 7.3 is a simulation using a prolate symmetric top
Hamiltonian and the constants summarized in Table 7.2. The temperature was ﬁxed
to 0.37 K in all of the simulations, and all of the constants obtained for Figure 7.3B
were ﬁxed while only varying the Lorentzian line width in the simulation of Figure 7.3A.
The A constant required to ﬁt the intensity of the Q-branch of the free C-H stretch
corresponds to a moment of inertia about the A-axis equal to 1130 amu-Å2. In addition,
we ﬁnd that the B rotational constant has been reduced by a factor of 3.5 from the
gas phase value [137, 215], corresponding to an increase in IB equal to 980 amu-Å2.
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Figure 7.3: Zero-ﬁeld spectra of the A) ν2 and B) ν1 C-H stretching fundamentals of the
HCCCN-HCN complex. The spectrum in B) is overlapped with the spectrum of the free
C-H stretching band of the HCCCN dimer. Shown below each spectrum are simulations
based on the constants in Table 3. Also shown is a simulation of the spectrum in B)
with the HCCCN dimer band included (given the constants A=0.0148 cm−1, B ′′=0.0048
cm−1, B ′=0.0047 cm−1, and a line width of 0.018 cm−1).
A factor of approximately three reduction in the B rotational constant is typical of
what has been observed previously for heavier molecular complexes solvated in helium
droplets [1618,56]. An increase in the moment of inertia, IB, results from the complex
rotating through an anisotropic helium-dopant interaction potential. Kwon and Whaley
have proposed a model [20] in which this anisotropy induces a normal ﬂuid component
in the ﬁrst solvation layer that rigidly rotates with the molecule, thereby increasing the
eﬀective moment of inertia.
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Figure 7.4: Zero-ﬁeld spectra of the A) ν2 and B) ν1 C-H stretching fundamentals of
the HCN-HCCCN complex. Shown below each spectrum are simulations based on the
constants in Table 7.2.
Turning now to the zero-ﬁeld spectra of the higher energy HCN-HCCCN isomer (Fig-
ure 7.4), we ﬁnd a similar reduction in the B rotational constant, as compared to the ab
initio value. This is not surprising given the similar lengths of the two isomers; however,
it is interesting that the prominent Q-branches observed in the lower energy isomer are
absent here. In fact, the moment of inertia about the A-axis of HCN-HCCCN must be at
least 1100 amu-Å2 smaller than that for the HCCCN-HCN isomer, given that a Q-branch
is absent from the simulation in Figure 7.4B for A rotational constants greater than 0.6
cm−1. The model of Draeger et al. [22] predicts that the appearance of Q-branches in the
spectra of long molecules is due to the fact that there are more helium atoms (more of
the total normal ﬂuid fraction) that can contribute to IA. Therefore, given the similarity
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HCN-HCCCN HCCCN-HCN
ν1 3308.023 3324.127
∆ν1 · · · +0.089
ν2 3259.333 3234.950
∆ν2 · · · -4.063
B ′′ 0.00760 0.00690
B ′ 0.00755 0.00685
D ′′, D ′ 1 x 10−6 1 x 10−6
A′′, A′ 0.6 0.015
IA (amu-Å2) 28 1130
T (K) 0.37 0.37
γ (cm−1) 0.016 free, 0.080 bonded 0.011 free, 0.035 bonded
B gas/BHe 3.1 3.5
∆IB (amu-Å2) 1060 980
Table 7.2: Molecular constants used in the simulation of the zero-ﬁeld spectra of Figures
7.3 and 7.4. All units are cm−1 unless otherwise noted.
of the lengths of the two, it is not clear at this point why one isomer has the pronounced
Q-branch feature while the other does not. Clearly, more theoretical work is necessary
to determine if even subtle diﬀerences in the helium-dopant interaction potentials may
be responsible for the diﬀerences observed here.
The ab initio, MP2 helium-dopant interaction potentials for the two HCN/HCCCN
isomers are shown in Figure 7.5. Indeed, there are diﬀerences in the He-dopant potentials
for the two HCN/HCCCN isomers, particularly in the region around the waste of the
linear molecules, the region which is most important in determining the normal ﬂuid
helium density contribution to IA. At least qualitatively, it appears that more helium
density may exist around the waist of the HCCCN-HCN isomer (the isomer with the
prominent Q-branches). However, further PIMC calculations on the potential surfaces
presented here will be required to quantitatively predict the diﬀerences in IA.
We now turn our attention to the IR-IR double resonance spectra of the two isomers of
the HCN/HCCCN system. The pump-probe spectra in Figure 7.6 were recorded by ﬁxing
the frequency of the pump laser to the peak of the pendular spectrum of the vibrational
mode indicated along the right side of the ﬁgure. While amplitude modulating the pump,
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Figure 7.5: He-Dopant ab initio potential energy surfaces (MP2 / aug-cc-pVDZ) for the
dopant isomers A) HCCCN-HCN and B) HCN-HCCCN. The two degrees of freedom
are the Jacobi coordinates R, the distance from the center of mass of the dopant to the
helium atom, and θ, the Helium-center of mass-free Hydrogen angle.
the probe laser was scanned over the pendular transition region for the free C-H stretch
of each isomer, as indicated along the top of the ﬁgure. As a result, the signal from the
probe laser rides on top of the constant background signal from the pump. In a previous
IR-IR double resonance study of the isomers of HCN-HF [214], we found that excitation
of the H-F or C-H stretching vibrations resulted in a population transfer between the
isomers. The spectral signature of the population transfer was a net negative double
resonance signal for the pumped isomer, while a positive signal was observed downstream
for the other isomer that had not been initially excited. Regardless of the vibrational band
excited or the identity of the pumped isomer, this spectral signature is obviously missing
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Figure 7.6: Double resonance spectra of the HCN/HCCCN isomers recorded at source
conditions corresponding to a mean droplet size of 3000 helium atoms. For each set
of spectra, the probe laser was scanned through the free C-H stretch of both the A)
HCN-HCCCN and B) HCCCN-HCN isomers, while the pump laser was held at a ﬁxed
frequency corresponding to the peak in pendular spectrum of the i) HCN-HCCCN free
stretch, ii) HCN-HCCCN bonded stretch, iii) HCCCN-HCN free stretch, and iv)
HCCCN-HCN bonded stretch.
in the double resonance spectra of HCCCN-HCN, the implication being that, unlike the
HCN-HF system, population transfer is not occurring between the two isomers reported
here. This is despite the fact that vibrational excitation puts the complex 2400 cm−1
above the isomerization barrier. Instead, when the downstream probe laser is scanned
through the free C-H stretching band, we ﬁnd a double resonance spectrum having a
hole, pile structure. This is similar to what was previously observed for the HCCCN
molecule in helium droplets [55], a system that cannot undergo rearrangement upon
vibrational excitation. Upon vibrational excitation, even though the complex does not
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isomerize, the helium droplet quenches the vibrational energy and the pumped complexes
are shifted into a smaller droplet size. As a consequence of this reduction in droplet size,
the pendular spectrum of the pumped species shifts to the blue, as was described in detail
previously [55]. The hole and pile features in Figure 7.6 can then be interpreted as the
reduction in population of the pumped isomer in one droplet size, along with an increase
in another, approximately 660 helium atoms smaller.
It is important to point out that in Figures 7.6Ai) and 7.6Biii) the double resonance
spectra have symmetric hole and pile features, having similar areas when ﬁtted to two
Lorentzians of opposite sign (Table 7.3). In fact, about 98 % of the intensity of the hole
Hole Pile Pendular
Pump Probe ∆ν γ Area (a.u.) γ Area (a.u.) % Recovery γ
Aν1 Aν1 0.0083 0.00923 1.70(2) 0.0136 1.60(2) 94±3 0.016
Bν1 · · · · · · 0 · · · 0 0 · · ·
Aν2 Aν1 0.0305 0.0156 1.46(2) 0.0427 1.08(3) 74±4 0.049
Bν1 · · · · · · 0 · · · 0 0 · · ·
Bν1 Aν1 · · · · · · 0 · · · 0 0 0.012
Bν1 0.0063 0.00645 1.32(2) 0.00834 1.29(2) 98±4 · · ·
Bν2 Aν1 · · · · · · 0 · · · 0 0 0.032
Bν1 0.0299 0.0109 0.642(8) 0.0750 0.44(2) 68±4 · · ·
Table 7.3: Constants obtained from ﬁtting the HCN/HCCCN double resonance spectra
to two Lorentzians of opposite sign. Isomer (A) corresponds to HCCCN-HCN, while (B)
corresponds to the higher energy HCN-HCCCN isomer. The full width at half maximum
(FWHM) (γ), and the separation between the two Lorentzians (∆ν), are in units of cm−1.
Also given are the FWHM line widths of the corresponding single resonance pendular
spectra of the ν1 free C-H and the ν2 bonded C-H stretching bands. The % Recovery
corresponds to 100 times the ratio of the pile and hole areas.
is accounted for by the intensity of the pile. This is another clear indication that none
of the pumped complexes have undergone isomerization. Instead, the excited complexes
have simply cooled to the ground state before entering the probe laser region. It is
interesting to note that only 70 to 75 percent of the intensity of the hole is accounted
for when pumping the bonded stretches, as shown in Table 7.3. This is despite the fact
that there is no evidence for population transfer to the other isomer. Additionally, the
double resonance spectra are broader than when pumping either of the free stretches.
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This is interesting given that the same free stretch vibrational modes are being probed in
each case, suggesting that the excited population does not lose all memory of the pump
process.
In our previous study of HCCCN in helium droplets [55], we found that the pendular
spectra were inhomogeneously broadened as a result of the distribution of sizes in the
droplet beam. As a result of the pump laser burning a hole in the inhomogeneous proﬁle,
the line width of the hole in the HCCCN double resonance spectrum was narrower than
the pendular spectrum. The same is true when pumping the free C-H stretches of the
isomers of HCCCN-HCN, which gives holes that are approximately half the width of the
pendular spectra under the same nozzle conditions. This is not the case when the pump
laser is in resonance with one of the bonded stretches. We ﬁnd instead that when probing
the free stretches, a hole width is obtained that is the same as that for the corresponding
free stretch single resonance pendular spectrum. In addition, the piles are much broader
and shifted to the blue, suggesting a smaller average droplet size upon entering the
probe interaction region. Considering that the pendular spectra of the bonded stretches
are homogeneously broadened, more of the droplets containing HCCCN-HCN complexes
are in resonance with the pump laser when the frequency is ﬁxed to the peak of the
pendular spectrum. As a result, the pump laser does not burn a hole in the droplet size
distribution, and the hole has the same width as the pendular band. While this certainly
can explain the diﬀerent widths observed for the spectra obtained while scanning the
probe laser through the free stretch region, we have still not accounted for the missing
25-30 % missing population.
We estimate [55] that for the current experimental geometry and a droplet size of 2500
helium atoms, approximately 4 % of the droplets will miss the probe laser interaction
region. This results from droplet recoil as the droplet cools the initially excited vibrational
energy, losing about 660 helium atoms. The agreement between this estimate and what
is observed for pumping the free C-H stretches is good, although poor for the spectra
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corresponding to pumping the bonded C-H stretches. However, as mentioned above,
the broad holes obtained upon pumping the bonded stretches suggest that more of the
droplet distribution contains vibrationally excited complexes. Consequently, we expect
that this results in a larger fraction of the droplets being deﬂected, such that they miss
the probe laser. Treating the evaporations as uncorrelated with an energy of 5 cm−1 [25],
the dependence of the fractional loss on the droplet size is obtained (Figure 7.7A). While
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Figure 7.7: A) The fraction of droplets that miss the downstream, probe laser interaction
region as a result of beam deﬂection after absorbing a photon in the upstream laser
interaction region. The fractional loss approaches one as the droplet size approaches 660
atoms. B) The percent of the entire pump resonant upstream population that misses
the downstream probe laser as a function of the mean droplet size, assuming that the
homogeneous line broadening is larger than the inhomogeneous broadening resulting from
the log normal droplet size distribution
the expected loss is small for a 2500 helium atom droplet (about 5 %), the eﬀect becomes
much more important as the droplet size decreases. As expected, the fractional loss
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becomes one as the droplet size approaches 660 helium atoms. Averaging this fractional
loss dependence over the log normal droplet size distributions [66], we obtain the expected
percent loss as a function of the initial mean droplet size, as shown in Figure 7.7B. If the
entire droplet distribution is resonant with the pump laser, a 20 % loss of the population
as a result of deﬂection is expected for a mean droplet size of 2500 atoms, the mean size
of the droplets used here after considering the losses due to evaporation upon pick-up
and complexation of the HCN-HCCCN isomers. This value is in reasonable agreement
with the experimental results presented in Table 7.3.
7.2.2 Acetylene-HCN
In a previous paper from our group [136], we reported the helium droplet zero-ﬁeld
rotationally resolved infrared spectra for the linear and T-shaped isomers of HCN-HCCH.
While both isomers were also observed in a gas phase molecular beam experiment [179],
the relative abundances of the two isomers were found to be considerably diﬀerent upon
cluster formation in helium droplets. From the relative band intensities, we found that
the formation of the linear isomer was favored over the T-shaped by a factor of 1.5,
whereas the T-shaped isomer was 5.4 times more abundant in the molecular beam. It
is still not clear why the linear isomer is favored in helium, especially considering that
the long-range forces (dipole-quadrapole) would tend to orient the complex into the T-
shaped conﬁguration. This suggests instead that the size of the basins on the potential
surface that tend to funnel the complex into one well or the other are more important in
determining the ﬁnal isomer formation ratio. A two-dimensional slice of the Acetylene-
HCN intermolecular potential energy surface is shown in Figure 7.8. While this ab
initio surface was produced at the MP2 / aug-cc-pVDZ level of theory, the numbers
in parenthesis below each structure are the counterpoise corrected binding energies using
the larger aug-cc-pVTZ basis set. Although the two isomers have similar binding energies,
there appears to be a slightly broader basin leading to the linear well, suggesting that
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Figure 7.8: A cut through the potential energy surface (MP2 / aug-cc-pVDZ) of the
HCN/HCCH binary system showing minima in both the linear and T-shaped geometries.
The intermolecular separation between the centers of mass of the two monomers was
optimized for each point on the surface. The angles θ and ϕ correspond to the two
in-plane angles, and the contours are separated by 50 cm−1. The values under each
graphic correspond to the counterpoise corrected binding energies of each isomer and the
transition state obtained from full geometry optimizations at the MP2 / aug-cc-pVTZ
level of theory.
more approach geometries favor the formation of the linear isomer. The isomerization
barrier along the minimum energy path is considerably lower than for the HCCCN-HCN
isomers, by approximately 600 cm−1. This suggests that the vibrational dynamics of
these two systems will be diﬀerent, especially considering that vibrational excitation will
place the HCCH-HCN complexes about 3100 cm−1 above the barriers to rearrangement.
Turning the pump laser oﬀ and tuning the downstream probe laser, we obtain the
pendular spectra presented in Figure 7.9 (HCN and HCCH in the same gas pick-up cell).
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Figure 7.9: Pendular state spectra of the HCN/HCCH isomers recorded at various helium
droplet source conditions. The mean droplet size ranges from approximately 3000 to 1000
helium atoms, corresponding to a stagnation pressure of 60 atm and a nozzle temperature
between 22 K and 28 K. The droplet size decreases from top to bottom.
The bands in Figure 7.9A, 7.9B and 7.9C correspond to the hydrogen bonded C-H stretch
of the T-shaped isomer, and the free and bonded C-H stretches of the linear isomer,
respectively. As previously observed and discussed for HCCCN [55] in helium droplets,
the pendular spectra are asymmetric with a tail to the blue, broadening and shifting
to the blue as the mean droplet size decreases. The asymmetric "free" C-H acetylenic
stretch of the T-shaped isomer also lies within the tuning range of our F-center laser,
and the zero-ﬁeld band was previously measured [136]. When the T-shaped complex is
oriented in the strong pendular ﬁeld, the transition moment of the acetylenic stretch is
oriented perpendicular to the laser electric ﬁeld. Although the laser polarization could
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be rotated 90 degrees, with the current polarization alignment, the result is a dramatic
reduction in the signal intensity. As a result, the double resonance spectra corresponding
to pumping the T-shaped acetylenic stretch were not measured.
To record the double resonance spectra for HCN-HCCH, the upstream pump laser
was tuned to the peak of the corresponding pendular spectrum, while the downstream
probe laser was scanned over each pendular band to probe for photo-induced isomeriza-
tion. In Figure 7.10, the top set of double resonance spectra are obtained when pumping
the free C-H stretch of the linear isomer, as indicated along the right side of the ﬁg-
ure. The spectra in Figures 7.10Bi and 7.10Ci (probe laser scanned through the C-H
stretching bands of the linear isomer) are similar to the double resonance spectra that
correspond to pumping and probing the free C-H stretches of the HCCCN-HCN isomers.
The Lorentzian ﬁts, summarized in Table 7.4, again give hole widths that are narrower
than the corresponding single resonance pendular bands. Once again, there are piles
observed shifted to the blue of the holes. Here the piles correspond to the linear isomer
population that has been shifted to the smaller droplet regime, as a result of helium evap-
oration. However, as opposed to the analogous spectra for the isomers of HCCCN-HCN,
the holes are deeper than the piles in Figures 7.10Bi and 7.10Ci. Clearly, there appears
to be fewer linear isomers downstream when the pump laser is on, rather than when it
is oﬀ.
In our previous study of the isomerization dynamics of HCN-HF, we found that
along with the net negative double resonance signal for the pumped isomer, there was
a positive signal observed for the other isomer. This clearly indicated a gain in the
downstream population as a result of photo-induced isomerization. To determine if the
missing population for the HCN-HCCH linear isomer is similarly due to isomerization, the
probe laser was tuned through the bonded C-H stretching band of the T-shaped isomer.
Indeed, excitation of the free C-H stretch of the linear isomer results in an increase in
the T-shaped population, resulting in a positive double resonance signal as shown at the
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Figure 7.10: Double resonance spectra of the HCN/HCCH isomers recorded at source
conditions corresponding to a mean droplet size of 2500 helium atoms. The sets of spectra
i) and ii) were recorded with the pump laser ﬁxed on resonance with the free C-H and
the bonded acetylenic stretching vibrations of the linear isomer, respectively. The spectra
in set iii) correspond to pumping the bonded C-H stretch of the T-Shaped isomer. The
probe laser was scanned over the A) T-Shaped bonded stretch, B) linear bonded stretch,
and C) linear free stretch.
top of Figure 7.10Ai. The eﬃciency of this photo-induced isomerization is determined by
comparing the integrated area of the T-Shaped double resonance spectrum to the area of
the hole obtained from a ﬁt to the linear isomer spectrum to two Lorentzians of opposite
sign. The results in Table 7.5 summarize all the areas obtained for the various pump-
probe combinations. We ﬁnd that following vibrational excitation of the linear isomer
free stretch, approximately 6 percent of the pumped complexes are observed downstream
as T-Shaped isomers. Comparing the positive components of the two double resonance
spectra (Figures 7.10Ai and 7.10Ci), we ﬁnd that photo-induced isomerization leads to
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Pump / Probe ∆ν (Pile-Hole) Hole γ Pile γ Pendular γ
L(H) / L(H) 0.015 0.0094 0.021 L(H) 0.0094
L(H) / L(F) 0.014 0.010 0.027 · · ·
L(H) / T(H) · · · · · · 0.020 · · ·
L(F) / L(H) 0.0077 0.0078 0.013 L(F) 0.011
L(F) / L(F) 0.0085 0.0079 0.013 · · ·
L(F) / T(H) · · · · · · 0.018 · · ·
T(H) / L(H) · · · · · · 0.016 T(H) 0.016
T(H) / L(F) · · · · · · 0.021 · · ·
T(H) / T(H) 0.022 0.014 0.028 · · ·
Table 7.4: Constants obtained from a ﬁt of the HCN/HCCH double resonance spectra
to two Lorentzians of opposite sign. The FWHM (γ), and the separation between the
two Lorentzians (∆ν), are in units of cm−1. Also given are the FWHM line widths of
the corresponding single resonance pendular spectra of the three bands considered here.
L(F), L(H), and, T(H) correspond to the Linear free stretch, Linear hydrogen-bonded,
and T-Shaped hydrogen bonded modes, respectively.
a downstream isomer ratio of 11:1, linear to T-Shaped.
Corrected Corrected
Hole, Pile Lorentz L / T Abs Int Areas
Pump / Probe Fit Areas (a.u) % Recovery %(PT)A %(PT)B ratio (a.u.)
L(H) / L(H) -2.32(2), 0.73(4) 43±2 12 27 3 -1.34
L(H) / L(F) -2.22(2), 0.72(2) 45±1 12 27 3 -1.42
L(H) / T(H) · · · · · · · · · · · · · · · 0.27
L(F) / L(H) -1.25(1), 0.79(2) 72±2 9 12 7 -0.45
L(F) / L(F) -1.75(2), 1.20(3) 75±2 6 8 11 -0.54
L(F) / T(H) · · · · · · · · · · · · · · · 0.11
T(H) / L(H) · · · · · · · · · · · · · · · 0.42
T(H) / L(F) · · · · · · · · · · · · · · · 0.43
T(H) / T(H) -1.02(1), 0.32(1) 74±1 42 57 1.3 -0.49
Table 7.5: The areas obtained by ﬁtting the double resonance spectra of HCN-HCCH to
two Lorentzians of opposite sign were corrected for the diﬀerent oscillator strengths of the
probed vibrations and the diﬀerent probe laser powers. The integrated and Lorentzian
ﬁt areas were divided by the combined correction factors 1.27, 3.46, 3.66 for probing
the Linear free stretch (L(F)), Linear hydrogen-bonded (L(H)), and T-Shaped hydrogen
bonded (T(H)) modes, respectively. The percent recovery is the ratio of the sum of the
positive areas (piles) on both isomers to the negative area (hole) of the pumped isomer.
The %(PT)A corresponds to the ratio of the downstream Linear (T-Shaped) population to
the upstream T-shaped (Linear) population, ie. the percentage of the total population in
resonance with the pump that has undergone photo-induced isomerization and is observed
downstream by the probe laser. The %(PT)B corresponds to the percentage of the total
observed downstream population that consists of isomerization products.
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When the area from probing the T-Shaped isomer is combined with the area of the
pile obtained from probing the linear free stretch, the downstream population of linear
and T-shaped isomers only accounts for 75 % of the initial upstream population that was
vibrationally excited by the pump. While some of the missing population is certainly
due to the beam deﬂection discussed above, the fact that the double resonance spectra
are all narrower than the free C-H stretch pendular band suggests that the entire droplet
distribution is not excited, as was the case for the bonded modes of HCCCN-HCN. With
regards to the analysis presented in Figure 7.7A, the percent deﬂection is predicted to
be approximately 5 %. It appears than that there is a fraction of the upstream linear
population (as much as 25%) that is lost as a result of a channel other than isomerization
or beam deﬂection. One possible channel we considered was the loss of population due
to the ejection of a fragment from the droplet following complex dissociation. It is
reasonable to suspect that the complex dissociates as it does in the gas phase [179], since
pumping the free stretch results in a vibrationally excited complex 2500 cm−1 above the
dissociation limit. However, it is unlikely that the translational energy imparted to the
fragments upon dissociation [174, 208, 217] would be suﬃcient to overcome the escape
barrier resulting from the helium droplet solvation energy [41]. To test for photo-induced
ejection, we tuned the probe laser through the HCN and HCCH monomer spectra. As was
the case for the HF-HCN system (Chapter 6), double resonance signals were not observed
for either monomer, independent of the pumped mode or the identity of the vibrationally
excited isomer, suggesting that ejection is not the source of the missing population. In
addition, if a fraction of the excited population has not cooled to the ground state prior
to entering the probe interaction region, the vibrationally hot population will be out of
resonance with the probe laser, contributing to the missing population. Also, population
loss is expected if the complex dissociates and a fraction of the droplets contain fragments
that do not re-condense within the ﬂight time between the two laser photolysis volumes.
Unfortunately, the results presented here are unable to determine deﬁnitively the source
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of the missing population, and we are left to speculate as to its origin.
The double resonance spectra in Figure 7.10ii were obtained by pumping the acetylenic
hydrogen bonded C-H stretch of the linear HCN-HCCH isomer (L(H)). Similarly to
pumping the linear free stretch (L(F)), a positive double resonance signal is observed
when the probe laser is scanned through the T-Shaped bonded C-H stretching pendular
band (T(H)). Once again, we ﬁnd that vibrational excitation of the linear isomer leads
to an increase in the downstream population of T-Shaped isomers. However, there are
two diﬀerences in the sets of double resonance spectra shown in Figures 7.10i and 7.10ii.
Focusing on the percent population recovery in Table 7.5, we ﬁnd that for pumping L(H),
only approximately half of the initial upstream population is accounted for in the pile
intensities. It is important to point out, however, that the double resonance hole line
width (pump/probe L(H)/L(H)) is the same as the line width of the single resonance
pendular L(H) band, in contrast to the line widths for the L(F) spectra. This suggests
that more population loss results from beam deﬂection, as discussed above. While the
expected deﬂection diﬀerences for pumping L(F) and L(H) can account for the diﬀerent
percent population recoveries, we still do not have evidence for the source of the approxi-
mately 25-30 % loss observed for all the HCN/HCCH double resonance spectra. Another
important diﬀerence between the spectra in Figures 7.10i and 7.10ii is the Linear:T-
Shaped isomer ratio observed downstream. We ﬁnd that pumping L(H) results in a 3:1
L:T downstream isomer ratio. Clearly, photo-induced population transfer from the Lin-
ear to the T-Shaped isomer is most eﬃcient when pumping the hydrogen bonded C-H
stretching mode.
We now turn our attention to the double resonance spectra in Figure 7.10iii obtained
with the pump frequency ﬁxed in resonance with the hydrogen bonded C-H stretch of
the T-Shaped HCN/HCCH isomer. When the probe laser is tuned through the C-H
stretching bands of the Linear isomer, positive double resonance signals are observed,
clearly indicating that photo-induced isomerization has occurred from the T-Shaped to
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the Linear isomer. In fact, of the three vibrational modes of the two isomers, pumping
T(H) is the most eﬃcient at shifting the downstream isomer population distribution.
Once again, only approximately 75 % of the upstream pumped population is excited
by the probe laser, as shown above for pumping L(F). Of that 75 % of vibrationally
excited T-shaped isomers, 57 % has isomerized to the Linear complex. By comparing
the intensity of the positive piles, we ﬁnd a downstream L:T isomer ratio of 1.3:1 after
pumping T(H). Now having compared the three sets of double resonance spectra, it is
clear that the isomerization dynamics of the helium solvated HCN/HCCH complexes are
highly isomer and mode speciﬁc.
7.3 Discussion
With the helium nanodroplet IR-IR double resonance technique described in the cur-
rent report, we have demonstrated that for the HCN/HCCH complexes, vibrational exci-
tation of the C-H stretching modes of one isomer results in a partial population transfer
to the other. Additionally, the isomerization dynamics were found to be both strongly
mode and isomer speciﬁc. We start this section by discussing in detail the diﬀerences be-
tween the downstream Linear:T-shaped isomer ratios obtained when pumping the L(F),
L(H), and T(H) bands of the two HCN/HCCH isomers.
It is interesting to note that we found no evidence for mode speciﬁcity in the photo-
induced isomerization of the linear HCN-HF isomer to the bent HF-HCN isomer [214].
Instead, pumping both the H-F and C-H stretches led to a downstream isomer ratio of 2:1,
Linear:Bent. In fact, this isomer ratio was equivalent to that observed upon sequential
pick-up of each fragment into the droplet. We proposed that this result was at least
suggestive of an isomerization mechanism corresponding to vibrational predissociation
followed by a solvent caging of the fragments and subsequent recombination of the cold
fragments. This mechanism would require that vibrational predissociation occur before
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the excitation energy is dissipated by the droplet. Additionally, the fragments would
have to become suﬃciently separated within the droplet such that they lose all memory
of their relative orientations, regardless of whether the C-H or H-F stretch is excited.
This seemed plausible given the well-depth of the dipole-dipole interaction of HCN-HF is
approximately equal to kT when the fragments are separated by 4 nm within the droplet.
In comparison, the diameter of a 3000 helium atom droplet is about 6.4 nm.
In contrast to the HCN-HF linear isomer, we ﬁnd that the HCN-HCCH isomerization
dynamics are highly mode speciﬁc. Comparing the pump L(F) and pump L(H) double
resonance spectra, we ﬁnd that population transfer to the T-Shaped isomer is approxi-
mately three times as eﬃcient if the acetylenic hydrogen bonded mode is pumped. In ad-
dition, neither of the downstream Linear:T-Shaped ratios (11:1 pump/probe L(F)/L(F),
3:1 pump/probe L(H)/L(F)) correspond to the ratio observed upon pick-up of the gas
phase molecules, namely 1.5:1. Unlike for HCN-HF, the downstream ratios do not suggest
that vibrational excitation leads to separated fragments that have completely randomized
orientations prior to re-condensing. However, we can not rule out vibrational predissocia-
tion as being representative of the early time vibrational dynamics upon absorption of the
ﬁrst infrared photon. Instead, both pumping L(F) and L(H) could lead to dissociation
and geminate recombination on a timescale that is competitive with helium cooling such
that only a fraction of the total population overcomes the barriers to isomerization. The
enhanced population transfer observed upon pumping L(H) would then be interpreted
as originating from the greater coupling of the acetylenic hydrogen bonded vibration to
the dissociation coordinate, in comparison to the free stretch. Pumping L(H), perhaps,
leads to fragments that are separated more on average, in comparison to the fragment
separation, if any, produced upon pumping L(F). Certainly, in the gas phase, it was found
that the diﬀerent coupling of the two vibrations to the weak van-der-Waals bond resulted
in mode speciﬁc vibrational predissociation rates with the lifetime of the bonded stretch
(1.14 ns) being at least 140 times shorter than the free stretch lifetime [179]. Of course,
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we cannot completely rule out the possibility that the weak intermolecular bond never
breaks, as a result of the solvent cage. Instead, the complex could be internally heated as
a result of intramolecular vibrational energy redistribution (IVR) [210], allowing energy
to ﬂow to the isomerization coordinate on a timescale that is competitive with the rate
of cooling. Here, the diﬀerent coupling of the intramolecular C-H stretching vibrations
to the lower frequency modes would lead to diﬀerent IVR rates and therefore inﬂuence
the Linear:T-shaped isomer ratios.
In addition to the mode speciﬁcity observed for the Linear isomer, the isomerization
eﬃciencies are also dependent on the identity of the upstream pumped isomer. It is
important to note that the lifetimes of the bonded stretch excited states are similar in
the gas phase (1.06 ns, 1.14 ns / T-shaped, Linear), and the isomerization barriers are
essentially the same, regardless of the starting geometry. Nevertheless, excitation of the
bonded C-H stretching vibrations of the two isomers in helium droplets leads to very
diﬀerent isomerization dynamics. Interestingly, pumping the bonded C-H stretch of the
T-shaped isomer does result in a downstream isomer ratio (1.3:1, L:T) that is consistent
with the ratio observed upon pick-up. In contrast to excitation of the linear isomer,
the downstream population ratio here suggests that pumping the bonded stretch of the
T-shaped isomer always leads to cold fragments suﬃciently separated within the droplet
such that they lose all memory of their relative orientations. Subsequent recombination
of the cold fragments approaching each other from random initial orientations gives a
downstream isomer ratio that is similar to the one observed upon sequential pick-up of
the cold fragments, namely 1.5:1 (L:T).
In comparison to the isomers of HCN-HCCH, C-H stretch vibrational excitation does
not lead to population transfer between the isomers of HCCCN-HCN. This is despite
the fact that the photon energy is both greater than the isomerization barrier and the
dissociation energy. Indeed, in a gas phase molecular beam [137, 215], pumping either
of the C-H stretches results in vibrational predissociation of the complex. Apparently,
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the helium droplet either quenches the vibrational energy on a timescale that is fast in
comparison to dissociation, or the fragments cannot overcome the long-range isomeriza-
tion barriers after becoming separated within the droplet. While the current experiment
cannot diﬀerentiate between the two regimes, the latter seems more likely given the vi-
brational predissociation rates are comparable to those for the HCN-HCCH systems in
the gas phase [179], while the intermolecular interactions at long-range are considerably
diﬀerent.
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Figure 7.11: Isomerization barriers for the HCN/HCCH (open circles, solid squares)
and HCN/HCCCN complexes (open and solid triangles) at various ﬁxed intermolecular
separations. In comparison, the barriers along the minimum energy pathway at the same
level of theory (MP2 / aug-cc-pVDZ) are 270, and 900 cm−1 respectively.
Ab initio calculations of the barrier to isomerization were done for several diﬀer-
ent ﬁxed intermolecular separations, R, between the HCN and the HCCCN (HCCH)
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fragments, as shown in Figure 7.11. Clearly, the isomerization barrier decreases more
rapidly for the HCN-HCCH system (solid squares, open circles) than for HCN-HCCCN
(solid and open triangles) as the distance between their centers of mass increase. In
fact, the isomerization barrier between the two HCN-HCCCN species is greater than
50 cm−1 at a 12 Å separation, in contrast to <2 cm−1 for HCN-HCCH. At long-range,
the electrostatic interaction is the main component of the total binding energy. The
associated electrostatic interactions are mostly dipole-quadrupole for HCN-HCCH and
dipole-dipole for the two polar components of the HCN-HCCCN complex. Of course,
the dipole-quadrupole interaction falls oﬀ more rapidly than the dipole-dipole interac-
tion as R increases. Considering the long-range interactions as simply the sum of the
dipole-dipole and dipole-quadrupole interactions, we ﬁnd that the interaction energy in
the linear (HCN-HCCCN) and T-shaped (HCN-HCCH) orientations is equal to kT (0.26
cm−1) at 68 and 24 Å, respectively. In comparison, the diameter of a 3000 atom helium
droplet is approximately 64 Å. If the isomers of HCN-HCCCN undergo vibrational pre-
dissociation, the fragments may never suﬃciently separate within the droplet to decouple
their rotational wavefunctions and randomize their orientations. As a result, vibrational
excitation would not lead to population transfer between the isomers. Certainly, the
results reported here for both systems are at least consistent with vibrational predissoci-
ation followed by geminate recombination and provide a foundation for future eﬀorts to
theoretically model the dynamics of vibrational relaxation and isomerization dynamics
in helium droplets.
7.4 Summary
In summary, IR-IR double resonance spectroscopy was used to probe the isomerization
dynamics of the isomers of HCN-Acetylene and HCN-Cyanoacetylene embedded in liquid
helium droplets. For HCN-HCCH, vibrational excitation of either the linear of T-shaped
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complex resulted in positive double resonance signals on the other isomer, indicating an
increase in the downstream population of the isomer not in resonance with the upstream
pump laser. Photo-induced isomerization was observed regardless of the identity of the
vibrationally excited isomer. However, the downstream isomer ratios were found to be
strongly isomer and vibrational mode speciﬁc. Excitation of the hydrogen bonded C-H
stretch of the T-shaped isomer lead to a downstream isomer ratio (1.3 to 1, Linear to
T-shaped) that was equivalent to the isomer ratio observed upon sequential pick-up by
the droplet followed by condensation of the cold sub-units. Pumping the bonded C-H
acetylenic stretch of the linear isomer lead to a 3 to 1 downstream population ratio, in
comparison to 11 to 1 upon pumping the linear isomer's free C-H stretch. The ratios are
consistent with vibrational predissociation followed by geminate recombination as the
mechanism for isomerization. The rate of dissociation, controlled by the coupling of the
intramolecular vibration to the intermolecular dissociation coordinate, apparently plays
a critical role in determining the fraction of pumped complexes that become suﬃciently
separated within the droplet such that they overcome the barriers to isomerization.
In contrast to the isomers of HCN-HCCH, population transfer was not observed be-
tween the two linear isomers of HCN-HCCCN. Ab initio calculations of the long-range
isomerization barriers show that in order to randomize the initial relative fragment ori-
entations, a separation of as much as 60 Å must be achieved following vibrational pre-
dissociation, in comparison to ∼20 Å for the isomers of HCN-HCCH. Apparently, the
stronger long-range interactions (dipole-dipole) between the HCN-HCCCN fragments
preclude rearrangement between the two linear isomers following vibrational excitation.
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Chapter 8
Vibrational Dynamics of the Linear
and Bent Isomers of HF-N2O
IR-IR double resonance spectroscopy is used to probe the isomerization dynamics
HF-N2O following vibrational excitation of one of two stable isomers on the intermolec-
ular potential energy landscape. The upstream pump laser excites the H-F stretching
fundamental of either the linear ONN-HF or the bent NNO-HF isomer, while the down-
stream probe laser is scanned through the bands of both isomers to test for photo-induced
isomerization.
8.1 The Linear and Bent Isomers of HF-N2O
A two-dimensional cut of the HF-N2O intermolecular potential energy surface is shown
in Figure 8.1. At each point on the potential, we relaxed the distance between the center
of mass of each fragment. In addition, the counterpoise correction was applied to obtain
the interaction energy for each set of in-plane angles. The potential surface has minima
in the linear ONN-HF and the bent NNO-HF geometries. The ab initio MP2 potential
surface was obtained using an aug-cc-pVDZ basis set, and the counterpoise corrected
binding energies below each structure in Figure 8.1 (-1102 cm−1 linear, -944 cm−1, bent)
correspond toDe of the fully optimized MP2 geometry using the larger aug-cc-pVTZ basis
set. At the MP2 / aug-cc-pVTZ level of theory, the transition state lies approximately
400 cm−1 above the two minimum energy structures, intermediate between the HCN-HF
and HCN-Acetylene systems discussed in Chapters 6 and 7, respectively. The ab initio
constants for the HF-N2O isomers are summarized in Table 8.1.
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Figure 8.1: Two-dimensional cut of the HF-N2O potential energy surface. At each set of
in-plane angles, θ and ϕ (deﬁned as shown in the legend), the intermolecular separation
between the two molecules centers of mass, R, was optimized. Two minima are shown
corresponding to the bent and linear geometries. The potential was obtained at the MP2
/ aug-cc-pVDZ level of theory, while the values shown for each isomer were obtained from
full geometry optimizations in each well with the larger aug-cc-pVTZ basis set. Contours
are separated by 40 cm−1.
In contrast to previously reported ab initio [220222] and distributed multipole anal-
ysis (DMA) [223] results, the linear isomer is slightly more stable than the bent isomer.
Indeed, at the MP2 level of theory, the bent isomer is the globally stable structure for
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Linear Bent Linear Bent
ab initio
µMP2(Debye) 2.81 2.32
A′′ · · · 0.878
B′′ 0.0622 0.0890
C ′′ · · · 0.0809
ν0 4018.50 4025.74
I (km/mol) 586 467
De 1102 944
Experimental Helium Droplets Gas Phase [218,219]
A′′ 0.0440 0.0390 · · · 0.87802
B′′ 0.0120 0.0186 0.060985 0.09076
C ′′ 0.0120 0.0167 · · · 0.081347
A′ 0.0435 0.0365 · · · 0.8304
B′ 0.0118 0.0184 0.06132 0.09397
C ′ 0.0118 0.0162 · · · 0.08355
D′′ 2 x10−7 2 x10−5 9.84 x10−8 2.00 x10−6
D′ 2 x10−7 2 x10−5 9.52 x10−8 1.90 x10−6
ν0 3894.30 3874.30 3900.019 3878.185
I (a.u.) 1.0 0.76 1 30
Γ (MHz) 840 1300 58 800
Table 8.1: Summary of the ab initio (MP2 / aug-cc-pVTZ) and experimental constants
obtained for the HF-N2O isomers. Units are in cm−1 unless otherwise noted.
the calculations that use the smaller basis sets (eg. 6-31g**) used in the previous studies.
This is perhaps due to the fact that from an electrostatic point of view, the bent iso-
mer is more stable, since the dipoles of the two sub-units are better aligned, as opposed
to the anti-parallel dipole conﬁguration in the ONN-HF linear isomer. Therefore, it is
reasonable to suspect that the electrostatic term makes up a larger fraction of the total
interaction energy for the bent isomer in comparison to the linear isomer. The larger aug-
cc-pVTZ basis set recovers the non-induction component of the interaction energy better
than the smaller basis sets, hence stabilizing the linear isomer relative to the bent struc-
ture. Unfortunately, an accurate experimental measurement of the dissociation energy
of the two HF-N2O isomers is still lacking.
Both HF and N2O were added to the same gas pick-up cell, and the pressure was
adjusted such that the droplets picked up on average one molecule of each. With the
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same experimental geometry described in Chapters 4, 6, and 7, a large DC electric ﬁeld
was applied to the downstream laser interaction region, and the downstream F-Center
laser was scanned through the H-F stretching region. Using the gas phase H-F stretch
vibrational band origins as a guide, we began searching for the helium droplet pendular
state spectrum of the two isomers of HF-N2O. Figure 8.2 shows the resulting spectrum,
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Figure 8.2: Pendular Spectrum of the HF-N2O isomers in the H-F stretching region. The
structures and solvent frequency shifts for each isomer are shown as insets.
having two strong bands assigned to the H-F stretches of the two HF-N2O isomers. A
small solvent frequency shift is observed for both isomers, as indicated below each isomer
in Figure 8.2. The assignment is clear, given the proximity of each band origin to the
gas phase values [218, 219, 224] and the pick-up cell pressure dependence of the signal
intensities. In order to determine the relative abundance of the two isomers formed in
helium droplets, the integrated areas of the two pendular peaks were corrected for the
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diﬀerent ab initio oscillator strengths and the diﬀerent laser powers at the two band
origins. We ﬁnd that the linear to bent isomer ratio is 0.8:1. Since there appears to be
as many approach trajectories on the potential (Figure 8.1) that lead to the formation
of the linear isomer as there are for the bent, it is reasonable that the ratio is nearly one
to one. Other smaller peaks, also present in the pendular spectrum, grow more intense
at higher pick-up cell pressures, while a decrease in intensity is observed for the two
bands discussed here. The weaker peaks are easily assigned to higher order clusters of
HF and N2O by monitoring the signal intensities as the pick-up cell pressure is varied,
as discussed in Section 2.4.
Turning the electric ﬁeld oﬀ, the zero-ﬁeld spectra of the two binary isomers were
obtained. The zero-ﬁeld spectrum of the linear ONN-HF isomer is shown in Figure 8.3,
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Figure 8.3: Zero-Field spectrum of the H-F stretch of the linear ONN-HF isomer.
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which is partially overlapped by a weaker band assigned to the HF-(N2O)2. As was shown
and discussed earlier for HCCCN-HCN (Section 7.2.1), the spectrum of the linear ONN-
HF isomer has a Q-branch, related to the motion of helium density around the C∞v axis.
Also shown below the experimental spectrum is a simulated spectrum of a symmetric top
molecule with the constants summarized in Table 8.1. While the spectrum is unresolved,
the contours are reproduced suﬃciently in the simulation such that comparisons to the
gas phase constants [218,219,224] can be made. The A′′ constant required to simulate the
linear isomer spectrum corresponds to a moment of inertia about the A axis of 383 amu-
Å2. The helium induced Q-branch (∆I) is a result of the normal ﬂuid response to rotation
about the molecular axis, a discussion of which can be found in references [22, 216] and
Section 7.2.1.
It is interesting to compare the helium induced modiﬁcation of the B′′ constants of the
linear ONN-HF complex and the ONN molecule. The B′′gas/B′′He ratios for the solvated
ONN and OCO molecules were found to be 5.8 and 2.5, respectively. At ﬁrst, this result
was quite surprising, given the two molecules have similar rotational constants in the gas
phase [225,226]. Not surprisingly, there has been a considerable amount of eﬀort [33,50]
to theoretically account for the diﬀerences measured [45] in helium droplets. In fact,
recent quantum Monte Carlo calculations of the helium density around the dopant are
able to quantitatively account for the diﬀerences. In these studies, a larger normal ﬂuid
component of the total helium density was found to rotate rigidly with the ONN molecule
in comparison to OCO, resulting from the greater anisotropy in the He-ONN potential. In
comparison, the B′′gas/B′′He ratio for the linear ONN-HF complex is equal to 5.1. While at
ﬁrst it appears as if the amount of helium following is less for the complex, it is important
to point out that the important quantity is the increase in the moment of inertia about the
B axis. Indeed, comparing ∆IB of ONN and ONN-HF (196 amu-Å2, 1410 amu-Å2), we
ﬁnd that the moment of inertia of the complex is considerably enhanced in comparison to
the ONN monomer. Some of the diﬀerence is likely related to the greater anisotropy in the
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He-ONN-HF potential in comparison to the He-ONN potential. The He-ONN [227,228]
potential has one local minimum in the He-ONN linear conﬁguration, and the global
minimum corresponds to the helium atom in the T-shaped conﬁguration. The linear
ONN-He geometry corresponds to a saddle point on the surface. In comparison, the
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Figure 8.4: He-dopant potential for the linear ONN-HF isomer obtained at the MP2
/ aug-cc-pVTZ level of theory. Four minima are observed, two each in the linear and
T-shaped conﬁgurations. The origin is set to the center of mass of the ONN-HF dopant,
and the contours range from -46 to 0 cm−1 with intervals of 2 cm−1.
helium-dopant potential for the linear ONN-HF isomer, shown in Figure 8.4, has two
additional local minima, one near the intermolecular N-F bond, and the other in the
linear ONN-HF-He conﬁguration. Certainly, the He-dopant potential is more anisotropic
for the complex, especially with regards to the regions of the potential furthest from the
center of mass of the complex, namely the linear conﬁgurations. As a result, ∆IB is
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larger for the ONN-HF complex, presumably due to the build up of helium density near
the ends of the complex, further from the center of mass, in comparison to the ONN
molecule.
The experimental and simulated spectra for the bent NNO-HF isomer are shown in
Figure 8.5. Once again, the spectrum is unresolved and only a simulation to the P , Q,
and R contours is possible. From the simulation, we ﬁnd that the (B + C)′′/2 constant
is reduced by a factor of 4.9, corresponding to a ∆IB equal to 759 amu-Å2. Similarly
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Figure 8.5: Zero-Field spectrum of the H-F stretch of the bent NNO-HF isomer.
to the linear isomer, by comparing the He-NNO potential to the He-NNO-HF potential
shown in Figure 8.6, we ﬁnd that the He-dopant potential for the bent isomer is more
anisotropic with a well located near the ﬂuorine atom. The decrease in ∆IB with respect
to the linear isomer results from the wells in the He-dopant potential being closer to the
158
center of mass of the complex, as a result of the geometry being bent. The 413 amu-Å2
∆IA measured for the bent isomer is slightly larger than for the linear, perhaps due to
the additional anisotropy in the He-NNO-HF potential with respect to rotation about
the A axis.
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Figure 8.6: Two-dimensional slice of the He-dopant potential for the bent NNO-HF
isomer. The origin is set to the center of mass of the ONN-HF dopant, and the contours
range from -46 to 0 cm−1 with intervals of 2 cm−1.
It is also interesting to compare the linear and bent isomer centrifugal distortion con-
stants required to reproduce the experimental contours. In the gas phase [218], the bent
isomer 4J is 20 times larger than the corresponding linear isomer distortion constant.
Lovejoy and Nesbitt explained this eﬀect by comparing the two distinctly diﬀerent mo-
tions responsible for the increase in moment of inertia of the molecule as the molecule
rotates faster (occupies states of higher J angular momentum quantum number). For the
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linear isomer, as the molecule rotates, it undergoes centrifugal stretching (lengthening
of the intermolecular bond). In comparison, the bent isomer predominately undergoes
centrifugal straightening as it rotates end over end, resulting in a more linear complex,
hence an increase in the moment of inertia about the B and C axis. Apparently, it is
easier to straighten the bent complex than it is to stretch the linear complex. This may
simply be due to the intermolecular stretching coordinate being more stiﬀ in comparison
to the bending coordinate. While the interpretation of the distortion constants are more
diﬃcult for the helium solvated complexes, it is interesting to note that, in comparison
to the linear isomer, the bent isomer has a 102 times larger D′′ distortion constant. Per-
haps a similar interpretation is applicable for the observed diﬀerence of the two isomers
embedded in helium droplets. Straightening of the bent isomer in higher J states causes
the helium density, rotating rigidly with the complex, to move further away from the
center of mass, leading to a decrease in (B + C)′′/2.
As shown in Table 8.1, the ab initio frequencies predict the linear isomer to have the
larger complexation shift. However, the bent isomer is shifted further to the red in both
the gas phase molecular beam and the helium droplet experiments. While it is possible
that, within the harmonic approximation, the frequencies are poorly determined, it is
more likely that the discrepancy is due to the fact that the frequencies are determined
for the equilibrium geometries. However, the bent isomer is more ﬂoppy than the linear
isomer, as can be seen from the potential in Figure 8.1, and vibrational averaging could
play a major role in determining the relative shifts of the two isomers from the H-F
monomer frequency.
One ﬁnal point that is worth noting, regarding the zero-ﬁeld spectra, is that the line
widths used in the simulations of the linear and bent isomer spectra are 0.84 and 1.3 GHz,
respectively. In comparison, the homogeneous line widths observed in the gas phase [218]
were 0.054 and 0.80 GHz, corresponding to vibrational predissociation lifetimes of 3 ns
and 200 ps, respectively. The diﬀerence in the lifetimes measured in the gas phase are
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reﬂective of the diﬀerent coupling of the H-F stretch of each isomer to the intermolecular,
dissociation coordinate. The relative order of the line widths is preserved for the helium
droplet spectra, the bent isomer having the broader H-F stretch spectrum. However,
the helium droplet spectra are both broader, suggesting that the vibrational relaxation
dynamics are altered by the helium solvent, as observed previously for the helium droplet
(HCN)2 [59] and HCN-HF [60] (Chapter 5) spectra. Presumably, the additional state
density provided by the helium droplet helps to facilitate the energy transfer processes
involved in relaxing the excited vibrational state. The homogeneous line widths measured
for the helium droplet pendular spectra (Figure 8.2) are consistent with lifetimes in the
range of 100-200 ps.
8.2 Isomerization Dynamics
We now turn our attention to the isomerization dynamics of the HF-N2O isomers. In
particular, we search for the IR-IR double resonance (DR) spectral signatures indicative
of isomerization as a result of vibrational excitation from a well deﬁned minimum on the
potential energy surface. The experimental details are identical to those described in
Chapters 6 and 7, and only a brief overview is provided here. To enhance the pumping
eﬃciency and simplify the DR spectra, the pendular method was utilized. An approxi-
mately 40 kV/cm DC electric ﬁeld was applied to each laser interaction region, and the
pump (PPLN-OPO) was tuned to the peak of the pendular band of either the linear or
bent HF-N2O isomer. The single resonance (SR) pendular bands, shown in Figure 8.7iii,
were obtained by scanning the downstream probe laser (FCL) over the, A) bent and, B),
linear isomer H-F stretching bands. The DR spectra, shown at the top of Figure 8.7,
were recorded by scanning the probe laser while the pump was resonant with either the
H-F stretch of the, i), linear or, ii), bent HF-N2O isomer. The average droplet size was
approximately N = 2500 for the spectra in Figure 8.7, after accounting for the evapo-
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ration of helium that occurs to cool each fragment and remove the condensation energy.
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Figure 8.7: Infrared-Infrared double resonance spectra corresponding to pumping the H-
F stretch of the linear isomer, i), and the bent isomer, ii). The single resonance pendular
spectra, iii), are shown along the bottom. The probe laser was scanned over the H-F
stretch pendular spectra of the bent, A), and linear, B), isomers.
Since the DR spectrum corresponds to the diﬀerence in the SR spectrum with and
without the pump, negative (positive) DR signals are spectral signatures of a decrease
(increase) in the downstream isomer population with the pump present. For example,
with the pump tuned to the peak of the linear isomer pendular band at 3294.30 cm−1,
scanning the probe through the same region results in the DR spectrum shown in Figure
8.7Bi. The net negative peak in the spectrum is a clear indication that vibrational exci-
tation burns a hole in the downstream linear isomer population in the ground vibrational
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state. There are multiple channels that could be responsible for the observed population
lost. Vibrational excitation, followed by evaporation of helium atoms, results in droplet
deﬂection, and a fraction of the droplets miss the downstream probe laser interaction re-
gion, as discussed in detail in Section 7.2.1. Since the H-F stretch band is homogeneously
broadened, the pump is resonant with linear isomers throughout the entire distribution of
droplets. We estimate, from the analysis in Figure 7.7B, that about 20% of the pumped
complexes miss the second probe photolysis volume as a result of beam deﬂection. In
addition, a hole in the ground vibrational state of the linear isomer will be observed if
the excited complex does not relax on the timescale of transit between the two photolysis
volumes (∼ 175µs). Finally, isomerization to the bent isomer will lead to a decrease in
the downstream linear isomer population. By tuning the probe laser through the pen-
dular band of the bent isomer, Figure 8.7Ai, we ﬁnd that vibrational excitation of the
linear isomer does indeed lead to an increase in the downstream bent isomer population.
It is important to note that the vibrationally excited linear isomers may cool back
to the same vibrational ground state and not undergo isomerization. However, since the
pendular band is broader than the change in the solvent frequency shift upon evaporation
of 775 helium atoms (5 cm−1 per helium atom [25]), a positive pile shifted to the blue (as
observed above for HCN-HF and HCN-HCCH) will not be observed. Instead, the result
will be a reduction in the negative area of the hole, and the area of the hole is only rep-
resentative of the total population that has not cooled to the linear isomer ground state.
As a result, we are unable to determine the amount of the total pumped population that
cools back to the linear isomer well, and we are also unable to quantify the downstream
linear to bent isomer population ratios. Given the previous results for HCN-HF and
HCN-HCCH, it is reasonable to suspect that some of the pumped population cools to
the linear isomer ground state. Assuming 100 % of the remaining population undergoes
isomerization and cools to the bent isomer ground state, we expect the corrected positive
area of the bent (pump linear / probe bent) DR spectrum, Figure 8.7Ai, to be about 80
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% of the area of the linear (pump linear / probe linear) DR spectrum, Figure 8.7Bi, the
other 20 % being deﬂected from the beam path. The integrated areas for each pump,
probe sequence are summarized in Table 8.2. Comparing the integrated areas of the
two DR bands in Figure 8.7i, we ﬁnd that only a fraction (approximately 34 %) of the
missing linear population (area of the hole in Figure 8.7Bi) corresponds to the isomer-
ization products that are subsequently probed downstream. Unfortunately, the current
experiment is incapable of deﬁnitely determining the other channels responsible for the
remaining 46 % population loss.
Pump / Probe Linear Bent
Linear (raw) 21.5 7.33
Bent (raw) 7.00 12.5
Linear (corrected) 15.8 5.30
Bent (corrected) 5.60 9.01
Table 8.2: Integrated Areas obtained from the HF-N2O double resonance spectra. Along
with the raw areas, the corrected values are given that take into account the probed
vibrations oscillator strength and the probe laser power.
The DR spectra in Figure 8.7ii were recorded with the pump tuned to the peak of
the bent isomer pendular band at 3274.30 cm−1. Once again, the negative DR signal
observed in Figure 8.7Aii indicates that some of the bent complexes pumped upstream
do not cool to the ground state of the bent isomer. Scanning the probe laser over
the linear isomer pendular band (pump bent / probe linear), Figure 8.7Bii, we ﬁnd
that vibrational excitation of the bent isomer leads to an increase in the downstream
linear isomer population. While isomerization clearly occurs regardless of the identity
of the pumped isomer, a comparison of the corrected integrated areas suggests that the
dynamics depend on which isomer is pumped upstream. For the DR spectra in Figure
8.7ii, we ﬁnd that 62 % of the negative hole on the bent isomer can be accounted for by
the positive DR signal on the linear isomer. Again, we expect 20 % to be lost due to
beam deﬂection, and we are left to speculate as to the origin of the remaining 18 % loss.
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It is important to point out that the line widths of the SR pendular spectra in Figure
8.7iii correspond to lifetimes on the order of 100 ps. This result suggests that we should
rule out the presence of vibrationally hot complexes 200 µ s downstream as a source of
the missing population. Whatever the origin of the missing population, less is missing
when the bent isomer is pumped, a clear indication that vibrational excitation of the
bent isomer results more often in downstream complexes that have been cooled into one
of the two wells on the potential surface. As discussed in previous chapters (Chapters 6
and 7), the downstream isomer ratios are suggestive of an isomerization mechanism that
involves vibrational predissociation of the complex followed by geminate recombination,
since vibrational excitation places the complexes above the associated dissociation limits.
The H-F stretch energy is again larger than the binding energy for the HF-N2O isomers,
and the result of vibrational excitation in the gas phase is vibrational predissociation.
Therefore, we consider a possible explanation for the missing population, assuming the
complexes similarly undergo vibrational predissociation within the helium droplet.
If the complex dissociates, the "hot" fragments will separate within the droplet, most
of the excess energy being carried away as excited rotational and perhaps vibrational mo-
tion of the fragments. Isomerization will occur if the relative "cold" fragment orientations
are randomized, which requires the fragments to become separated to the extent that the
long-range electrostatic interactions become negligible. The homogeneous line widths of
the SR spectra indicate that the fragments' internal energy is cooled after 100-200 ps.
In this amount of time, the fragment separation could increase to ∼20 nm (a distance 3
times larger than the diameter of the helium droplet), assuming the fragments initially
have 50 cm−1 of translational energy. More realistically, the translational energy of each
fragment is drained away as they separate within the droplet, considerably slowing the
fragments down. Subsequently, the interaction of the "hot" fragments with the bath of
surface ripplon states cools the internal energy (rotational and vibrational energy) to
0.37 K. As a result, if the complex dissociates, it is reasonable to suspect that much of
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the initial pumped population is separated to an extent that allows for isomerization as
a result of the cold fragments recombining from random approach trajectories. However,
it is the associated timescale of recombination that is currently unknown. If the time
required for the fragments to ﬁnd one another within the droplet is on the order of 200 µ
s, then it is possible that a fraction of the dissociated complexes do not recombine before
the droplet reaches the second, probe laser interaction region.
However, if this is indeed the origin of the missing population, it is unclear why vibra-
tional excitation of the linear isomer H-F stretch leads to 3 times the amount of missing
population observed for pumping the bent isomer. Recall that we also observed missing
population for pumping the linear isomer of HCN-HCCH, with the amount depending on
whether the pump was in resonance with the "free" or "bonded" C-H stretching vibra-
tion. Perhaps the probability that two fragments recombine on the timescale of droplet
transit between the pump and probe photolysis volumes depends strongly on the photo-
fragment state distributions, including the fragment kinetic energies, which are known in
the gas phase to be strongly mode [174,203,217,229] and isomer [230] speciﬁc. Unfortu-
nately, a theoretical model of the vibrational dynamics of molecules in helium droplets
is still lacking. We are hopeful that the results reported here motivate future theoretical
and experimental eﬀorts aimed at unravelling the vibrational dynamics of weakly bound
complexes in helium droplets. Future experiments that either vary the spatial separation
of the pump and probe interaction regions or the time delay between pump and probe
steps will be capable of determining the origin of the missing population. For example,
pumping the H-F stretch of the linear isomer with a pulsed OPO, followed by a delayed
probe pulse, probing the H-F stretch of the bent isomer, will allow for the determination
of the fragment recombination time. If the recombination times are indeed on the order
of 1-100 µ s, then commercially available pulsed OPO's (LaserVision) with nanosecond
time resolutions should be perfectly suited for probing the associated dynamics.
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Chapter 9
Rotational Dynamics of HCN-X
(X=Na, K, Rb, Cs) van-der-Waals
Complexes Formed On the Surface of
Helium Nanodroplets
The current chapter focuses on the unique rotational dynamics of the HCN-X (X=Na,
K, Rb, and Cs) complexes formed on the surface of helium droplets. The alkali atom is
picked up ﬁrst by the droplet by passing the droplet beam through a resistively heated
copper oven containing the metal followed by a downstream gas pick-up cell containing
HCN. The ν1 C-H stretching band of each complex was measured revealing an anomalous
enhancement of the eﬀective moment of inertia, in comparison to the ab initio predicted
value. The large moments of inertia were found to be strongly dependent on both the
mass of the complex and the size of the helium droplet, consistent with a model where
the dopant is located in a deep dimple site on the surface of the droplet. In this model,
the moment of inertia is representative of the rotational motion of the dopant on the
surface about an inertial axis through the center of the droplet.
9.1 Introduction
Motivated by the long-standing interest in the interactions of foreign impurities with
superﬂuid helium, electronic spectra of alkali atoms implanted in the bulk superﬂuid were
reported in the early 1990's [3,231,232]. Clusters of alkali atoms are also of fundamental
importance, serving as prototypical models of ﬁnite quantum systems. Unfortunately, the
violent laser sputtering method employed for implantation lead to rather poor control over
the species produced in the liquid. At about the same time, much of the focus of liquid
helium droplets was on their potential to serve as gentle matrices for the spectroscopic
interrogation of dopant species [8,15,16], including clusters of alkali atoms. Substantially
better control over the production of alkali clusters was achieved in the pioneering work
of Scoles [233], which involved the sequential pick-up of alkali atoms by large (N ≈ 104)
liquid helium droplets. The size and composition of the alkali cluster picked up by the
helium droplets was controlled by simply changing the pressure of the alkali vapor in
one or more pick-up cells [72, 234236]. Alkali atoms proved to be ideal systems to
use as probes of dopant, droplet interactions, given their theoretical tractability, known
absorption spectra, and weak perturbations of the helium solvent.
The laser induced ﬂuorescence (LIF) excitation and dispersed emission spectra of
Li [237], Na [196,235238], K [196,237], Rb [239], and Cs [240] atoms attached to helium
droplets have been reported for the n 2P3/2, n 2P1/2 ← n 2S1/2 transitions (D1 and D2
lines). In comparison to the large blue shifts and broad line widths observed upon
excitation in the bulk [3], small (∼10 cm−1) solvent shifts and narrower line widths were
observed in the droplet studies. The observed shifts and line widths provided strong
evidence that the alkali atoms were attached to the surface of helium droplets upon pick
up. Additionally, the LIF excitation alkali spectra all had characteristic tails to the
blue, assigned as transitions from bound to continuum states, with the atom desorbing
from the droplet [237]. Subsequent theoretical calculations [241, 242] and experiments
conﬁrmed that, indeed, the alkali atoms were located in a dimple on the surface of
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the droplets. The experiments included the observation of X*He exciplex formation
[196, 239, 240, 243245] and the determination that penning ionization is the operative
charge transfer mechanism in alkali, helium droplet mass spectrometry at low electron
impact energies (< 24 eV) [246,247].
It was also shown that the pick up of multiple alkali atoms favored the formation of
high spin species [233,236,248251], providing compelling examples of the cluster forma-
tion process occurring on the surface of helium droplets, which allows for the formation
of species that would be diﬃcult, if not impossible, using standard gas phase molecular
beam techniques. Complexation of two alkali atoms with their spins unpolarized results
in a covalent bond, and the collisional cooling in a gas phase expansion favors the for-
mation of this lower energy singlet dimer. However, in helium droplets, the triplet Na2
complex is favored over the singlet species by a ratio of 10000:1 [248]. Formation of the
dimer on the singlet potential results in its evaporation from the surface of the droplet,
as a consequence of the larger binding energy of the singlet dimer (6000 cm−1) in com-
parison to the triplet dimer (170 cm−1) [252]. Quartet spin states of the alkali trimers
have also been reported [252254], and spin polarized potassium clusters with as many
as 25 atoms have been shown to be stable on the surface of helium droplets [255].
It is not surprising that alkali atoms and clusters reside in dimple sites on the surface
of helium droplets, given that the X-He interatomic interactions are some of the weakest
interactions found in nature [256,257]. The very weakly attractive interaction of an alkali
atom and a helium atom originates from the Pauli repulsion of the s valence electrons. In
fact, as shown in Figure 9.1, the Na-He interaction is at longer range, and less attractive,
than the He-He interaction. As a result, alkali atoms in helium droplets have a positive
energy of occlusion [258] and are expelled to the surface upon pick up. Ancilloto and
co-workers have deﬁned a simple empirical dimensionless parameter [259],
λ ≡ ρεrmin
σ21/6
(9.1)
169
Figure 9.1: Schematic of the pick-up of a sodium atom and a HCN molecule into a helium
droplet. The sodium atom is located in a dimple site on the surface of the droplet. The
counterpoise corrected He-He (CCSD(T) / aug-cc-pVQZ) and He-Na (RCCSD(T) / aug-
cc-pVQZ) ab initio potential curves are also shown.
(σ=0.179 cm−1Å−2 is the surface tension of liquid helium, ρ = 0.0218Å−3 is the density
of liquid helium and ε and rmin are the equilibrium well-depth and bond distance, re-
spectively), to predict if a dopant becomes solvated upon pick up by a helium droplet.
The Ancilloto parameter, λ, is simply a relative measure of the free energy gain1 upon
solvation of the dopant. While the free energy cost of forming a cavity of radius R is
proportional to σR2, the free energy gain scales as ερR3, due to the attractive dopant-
helium pair potential. Ancilloto predicted that dopants with λ ≈ 1.9 would be solvated,
which should be compared to the values for the alkali metals, namely λ ≈ 0.7. Clearly,
the Ancilloto model correctly predicts the surface bound location of the alkali atoms.
In comparison, molecular dopants such as HCN, or SF6 have large (> 20) Ancilloto
1We deﬁne a free energy gain as a favorable change in the free energy, ie. the total free energy of the
system is reduced.
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parameters [259], and are indeed solvated within the droplet [52, 260].
It has been suggested [261] that a dopant bound to the surface may become solvated
if a solvated species is also present in the droplet. For example, Vilesov and co-workers
found that the chemiluminescent Ba + N2O → BaO∗ + N2 reaction was enhanced if
Xenon atoms were ﬁrst added to the helium droplets. As a result of the long-range
attractive interaction of the solvated Xe15 cluster and the surface bound Ba atom (λ ≈ 1.7
[262]), the Ba atom was eﬀectively sunk, suppressing the reaction channel corresponding
to the hot products desorbing from the droplet and radiating in the gas phase. In
the current report, we address the question of whether a polar dopant such as HCN
can form complexes with the surface bound alkali metals. We use an infrared laser
to excite the C-H stretch of the HCN chromophore near 3 µm, and look for spectral
signatures which provide clues regarding the location of the dopant relative to the center
of the droplet and the associated solvent-solute interactions. Trapping alkali-adsorbate
systems in helium droplets would provide an ultra-cold environment for the study of
harpooning [263268] and charge transfer [269,270] reactions, including the stabilization
of reaction intermediates.
9.2 The HCN-Na Complex: Extreme Moment of Iner-
tia Enhancement
The HCN-Na intermolecular potential surface is shown in Figure 9.2, clearly showing
the linear nitrogen bound HCN-Na complex as the global minimum with an RCCSD(T)
binding energy of 877 cm−1. The Restricted Hartree Fock (RHF) diﬀerence density plot,
shown in Figure 9.3, speciﬁcally shows where electron density goes upon complex forma-
tion. It is clear that most of the interaction energy is electrostatic and can be attributed
to the dipole-induced polarization of the Na atom. Given the strong interaction, if the
two sub-units can approach one another within the droplet, it seems likely that they will
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form the complex. However, the complex will probably have to form near the surface
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Figure 9.2: Intermolecular potential energy surface for the HCN-Na complex obtained
at the RCCSD(T) / aug-cc-pVTZ level of theory. The Jacobi coordinates, R, and θ,
correspond to the distance from the sodium atom to the center of mass of HCN and the
sodium, center of mass, hydrogen angle. The global minimum corresponds to the linear
HCN-Na geometry with a counterpoise corrected binding energy equal to -877 cm−1.
Contours range from -850 to 100 and are separated by 50 cm−1.
of the droplet, and it is not clear whether or not the condensation energy released will
desorb the complex from the surface.
Assuming the complex forms and remains bound to the droplet, it is interesting to
consider the helium-dopant intermolecular interaction, which will largely determine the
sign of the occlusion energy. The He-HCN and He-HCN-Na potentials, shown in Figure
9.4, are clearly quite diﬀerent. While the He-HCN potential is attractive on each end
of the molecule, the He-HCN-Na potential is quite repulsive on the sodium end of the
complex. In fact, the one-dimensional slice of the potential (y = 0) indicates that the
helium is less attracted to the sodium end of the complex than it is to the bare atom,
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Figure 9.3: RHF diﬀerence density 2D surface for the HCN-Na binary complex. The
contours range from -0.036 to 0.036 and are separated by 0.00288 e/Å3. Solid curves cor-
respond to positive contours representing regions which gain electron density upon com-
plex formation, while the dashed curves correspond to negative contours (loss of electron
density). The geometry of the HCN-Na complex was fully optimized at the RCCSD(T) /
aug-cc-pVTZ level of theory, with cc-pVTZ basis functions on Na, supplemented by dif-
fuse aug functions obtained from Kirk Peterson [271]. The RCCSD(T) density matrices
were unavailable, preventing construction of the diﬀerence density surface.
while, at the same time, the helium is more attracted to the hydrogen end than for the
bare HCN molecule. This is consistent with the diﬀerence density plot in Figure 9.3,
showing that electron density builds up on the Na end, while electron density is removed
from the area near the hydrogen atom. This type of heliophilic, heliophobic interaction is
reminiscent of the types of interactions between amphiphilic molecular species and liquid
water. Clearly, the Na end of the complex will prefer to be on the surface while the
hydrogen end will prefer to be solvated. Whether or not the balance of the two forces
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Figure 9.4: Comparison of the helium-dopant potentials for HCN monomer and the HCN-
Na binary complex. The counterpoise corrected potential energy surfaces were obtained
at the RMP2 / aug-cc-pVTZ level of theory, and the contours range from -28 to 0 with
2 cm−1 intervals. The origins correspond to the centers of mass of the molecule or the
complex.
results in a sunk complex is still unclear. However, it is clear that a condensed HCN-
Na species will be strongly bound to the droplet, and if indeed the complex becomes
solvated, there will be excluded helium from the region around the Na atom.
We have previously demonstrated that metal-cluster adsorbate systems (HCN-Mgn)
are readily formed in helium droplets by the separate pick up of Mg atoms and an HCN
molecule [134, 272, 273]. The Mg atoms (λ ≈ 2.6 [262]) are picked up and solvated
[274] by the helium droplets by passing the droplet beam through a resistively heated
copper oven followed by a gas pick-up cell containing HCN, as described in Section 2.1.
The temperature of the oven is varied, and the droplets pick up an average number
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of atoms determined by the vapor pressure of the metal at the oven temperature. An
identical approach is used to dope the droplets with alkali atoms. The vapor pressure
required to dope the droplets on average with one alkali atom is approximately 10−4 Torr,
corresponding to sample temperatures of 215, 160, 100, and 60◦C, for Na, K, Rb, and Cs,
respectively [275]. Since the required temperature is higher than the melting temperature
of the metal (98, 64, 39, 28◦C / Na, K, Rb, Cs), the copper oven was introduced through
a load lock located at the top of the pick-up chamber of the apparatus, as illustrated in
Figure 9.5.
Cartrige
Heater
Heated
SampleScattering
Box
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Valve
To rough pump
Droplet Beam
Air
Vacuum
Figure 9.5: Schematic of the vertical oven arrangement used to dope helium droplets with
alkali atoms. The metal is located in the bottom of the oven, and the helium droplet
beam passes through the vapor above the melted sample. The scattering cell is closer to
the heat source than the sample to prevent metal condensation on the cell walls.
The pendular spectra in Figure 9.6 were recorded by applying a large static DC
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electric ﬁeld to the laser interaction region and scanning the F-Center laser over the
free C-H stretch region of HCN in helium droplets. The average size of the helium
droplets produced was ∼ N = 7200. With the Na oven at room temperature, the top
(black) spectrum was recorded, corresponding to the pendular spectrum of the (HCN)n
linear chains [84], with the HCN monomer band at 3311.20 cm−1. The HCN monomer
signal intensity was maximized by adjusting the pressure of HCN gas in a second, gas
pick-up cell. To estimate the optimal conditions for the production of HCN-Na, the Na
oven temperature was increased until the HCN signal was decreased by approximately
40%, assuming the loss of signal originates from intensity being shifted to the complex.
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Figure 9.6: Pendular state spectra of the HCN free C-H stretching region with the sodium
oven cold (top / black) and the sodium oven at approximately 200 ◦C (bottom / red).
The source conditions used produced a mean droplet size of approximately 7200 helium
atoms. The applied electric ﬁeld strength was ∼ 30 kV/cm.
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The bottom (red) pendular spectrum was recorded with the sodium oven at 200◦C, and
a new band at 3303.19 cm−1 appeared. The assignment of the new band to the ν1
fundamental transition of HCN-Na is supported by several observations: i) the pressure
in the pick-up cell required to optimize the signal intensity is indicative of a species that
contains only one HCN molecule, ii) the signal depends strongly on oven temperature and
is maximized at 215◦C, which corresponds to approximately the temperature required
to produce a 10−4 Torr sodium vapor pressure [275], and iii) the frequency shift (-8.01
cm−1) agrees well with the ab initio frequency shift, reported in Table 9.1.
The pendular spectra for the other HCN-X (X = K, Rb, Cs) complexes (discussed
below) were obtained and assigned in the same way as described here. However, it
interesting to note that for all the spectra, the signal intensity of the HCN-X pendular
band was optimized at nozzle conditions corresponding to the larger droplet sizes, namely
(N > 10000). In addition, the signals became larger as the complex became heavier,
HCN-Cs having the largest signal. While the ab initio calculations do not show enough
variation in the oscillator strengths to account for the observed diﬀerences, it has been
determined that the heavier alkali atoms bind more strongly to the droplet surface [242,
278]. In fact, the binding energy of an alkali atom to the droplet is predicted to vary
according to S(N) = S0+S1/N1/3+S2/N2/3, with the binding energy of a Na atom in the
large droplet limit being S0 = −12.1 Kelvin [242]. Given the weak binding of the atom
to the cluster surface, it is likely that a fraction of the adsorbed alkali atoms are ejected
from the surface of the droplet upon pick-up of the HCN molecule in the downstream,
gas pick-up cell. The fraction of atoms ejected would then vary with droplet size and
mass of the atom, accounting for the variation in signal intensities observed in the present
work. It is also interesting to note, that despite many attempts, the HCN-Li complex
could not be produced, even if the order of pick-up was reversed, picking up the lithium
atom second. The failure to produce the HCN-Li complex is likely partially due to the
weak binding and high zero-point energy of Li attached to the droplet.
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HCN-X Li Na K Rb Cs
ab initio (RMP2)
B′′ (cm−1) 0.337 0.124 0.0810 0.0576 0.0500
µRHF (Debye) 8.62 7.58 7.86 7.62 7.65
µUMP2 (Debye) 7.92 6.81 6.48 6.61 6.44
De (cm−1) 2350 842 1025 819 775
rN−XÅ 2.048 2.561 2.909 3.101 3.209
∆ν (cm−1) -12.4 -9.2 -8.7 -8.9 -7.6
ab initio (RCCSD(T))
B′′ (cm−1) 0.340 0.126 0.0809 0.0584 · · ·
µRHF (Debye) 8.63 7.60 7.85 7.64 · · ·
De (cm−1) 2460 877 1026 805 · · ·
rN−XÅ 2.038 2.548 2.917 3.079 · · ·
Experimental
µ′′ (Debye) · · · 6.9(1) 6.6(1) 6.6(1) 6.7(1)
µ′ (Debye) · · · 7.0(1) 6.7(1) 6.7(1) 6.8(1)
4ν (cm−1) · · · -8.01 -8.40 -8.24 -8.04
B′′ (MHz) (N¯ = 7200)
0 V/cm · · · 15.6 9.3 6.8 4.9
510 V/cm · · · 4.2 3.6 2.0 1.3
I amu-Å2 (x 104) (0 V/cm) · · · 3.24 5.42 7.43 10.3
I amu-Å2 (x 105) (510 V/cm) · · · 1.12 1.40 2.50 3.75
Bab initio/B0V/cm · · · 239 261 251 306
Bab initio/B510V/cm · · · 889 675 854 1152
Table 9.1: Summary of the ab initio and experimental constants for the HCN-X (X=Na,
K, Rb, Cs) complexes. For both of the ab initio methods, all electrons were correlated.
Throughout, an aug-cc-pVTZ basis set was used for HCN, while a 6-311++G(2d,2p)
basis set was used for Li, Na, and K. Eﬀective Core Potentials (Stuttgart RSC ECP
1997) from the Gaussian Basis Set library were used for Rb and Cs [276,277]. The ECP
basis sets for Rb, and Cs consist of 9 valence electrons, with the remaining electrons
being in the core.
The droplet size dependence of the ν1 fundamental pendular band of HCN-Na is
shown in Figure 9.7, with the average droplet size varied from N¯ = 7200 to N¯ = 2050
(top to bottom of the Figure). The nozzle temperature was varied from 18 K to 24 K.
It is clear that the HCN-Na signal intensity decreases for the smaller droplet sizes. In
comparison, the HCN Q(0) line is shown for a wider range of droplet sizes, with signal
persisting to much smaller average sizes. Besides the diﬀering droplet size conditions
that optimize the signal, the two sets of spectra are rather similar, both pendular bands
178
3311.20 3311.22 3311.24
-100
0
100
200
300
 
S i
g n
a l
 
( a .
 
u
.
)
Wavenumber (cm-1)
 7200
 5730
 4610
 3730
 3030
 2480
 2050
 1700
 1400
 1200
 1000
 800
3303.19 3303.20 3303.21
100
200
300
 
 
S i
g n
a l
 
( a .
u
.
)
Wavenumber (cm-1)
 7200 
 5730
 4610
 3730
 3030
 2480
 2050
Figure 9.7: Droplet size dependence of the HCN-Na pendular spectrum. The largest
droplet size used was on average 7200 helium atoms. The average size decreases from
top to bottom. Also shown for comparison is the analogous droplet size dependence of
the Q(0) line of the HCN monomer.
broadening and shifting to the blue as the average droplet size is reduced, an eﬀect which
is discussed thoroughly in Chapter 4.
Turning oﬀ the pendular ﬁeld, and reducing the nozzle temperature to 16.5 K to pro-
duce larger droplets, the zero-ﬁeld spectrum of HCN-Na was recorded and is shown in
Figure 9.8. Also shown as the smooth red line is a simulated rigid linear rotor spectrum,
using a rotational constant of B′′ = 9.4 MHz. While a P and R branch linear rotor
spectrum was anticipated, it was quite surprising to ﬁnd that the moment of inertia
of the rotational motion was 5.3 x 104amu-Å2. In Figure 9.9 the HCN-Na spectrum is
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Figure 9.8: Zero-Field spectrum of the HCN-Na complex, along with a simulation using
a linear rotor Hamiltonian and B′′ = 9.4 MHz. The source conditions (60 bar, 16.5 K)
used resulted in helium droplets with a mean size of approximately 10000 helium atoms.
compared to the HCN-Mg [272] spectrum, both spectra recorded under similar droplet
source conditions (N¯ = 7200). Fitting the HCN-Mg spectrum to a linear rotor Hamil-
tonian gives a B′′ rotational constant 2.4 times smaller than the ab initio constant. A
factor of 2.4 reduction in the rotational constant is consistent with what has come to be
expected for solvated rotors with anisotropic helium-dopant potentials, the added mo-
ment of inertia originating from a normal ﬂuid component of the liquid helium rotating
rigidly with the complex. In comparison, the HCN-Na rotational constant is reduced by
a factor of 240 (B′′ = 15.6 MHz), with the P and R contours ﬁtting entirely within the
R(0) and P (1) lines of the HCN-Mg spectrum. Clearly, the solvent-solute interactions
discussed above signiﬁcantly alter the rotational dynamics of the HCN-Na complex in
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comparison to HCN-Mg.
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Figure 9.9: Comparison of the HCN-Mg and HCN-Na zero-ﬁeld spectra obtained with
similar source conditions. The HCN-Na spectrum was obtained at 60 bar, 18.0 K source
conditions, corresponding to a mean droplet size of 7200 helium atoms.
Comparing the HCN-Na zero-ﬁeld spectra shown in Figures 9.8 and 9.9, it is apparent
that the rotational constant has increased upon changing the average droplet size from
10000 to 7200 helium atoms. While the shapes of rotational lines have been observed
to be droplet size dependent, as a result of inhomogeneous broadening, there is no other
example, to our knowledge, of a rotational constant that varies so dramatically with
droplet size. Certainly, the rotational constant of HCN-Mg was constant over a wide
range of sizes, within the experimental error. Figure 9.10 shows the zero-ﬁeld spectrum
of HCN-Na recorded for a range of source conditions (16.5-22.0 K), showing a clear
increase in the rotational constant (decrease in the moment of inertia) as the average
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Figure 9.10: Droplet size dependence of the HCN-Na zero-ﬁeld spectrum. The average
droplet size decreases from top to bottom and ranges from ∼10000 to ∼3000 helium
atoms.
droplet size is reduced. When the average droplet size is reduced from 10000 to 3000,
the B′′ rotational constant increases by a factor of 5 (IB decreases by 4.3 x 104 amu-Å2),
clearly not a minor eﬀect.
9.2.1 Stark Spectra of the HCN-Na Complex
Although the evidence discussed above provides considerable support to the assign-
ment of the pendular band at 3303.19 cm−1 to the HCN-Na complex, we also measured
the Stark spectra of the band at intermediate ﬁeld strengths to determine the dipole mo-
ment of the complex, providing further support to the assignment. The series of spectra
shown in Figure 9.11 were recorded at various Stark ﬁeld strengths, as shown in the leg-
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Figure 9.11: Evolution of the spectrum of the C-H stretch of the HCN-Na complex
with increasing Stark ﬁeld strength. The nozzle conditions were ﬁxed at 60 bar, 18.0 K
(N¯ = 7200) and the Stark ﬁeld was increased as shown in the legend (increasing ﬁeld
from bottom to top).
end, with the ﬁeld strength increasing from bottom to top with the zero-ﬁeld spectrum
at the bottom (black curve). The average droplet size was held constant throughout the
series of spectra.
It is immediately apparent that increasing the Stark ﬁeld results in an additional
enhancement of the moment inertia. Additionally, a small blue shift of the spectrum is
observed followed by a small shift back to the red as the ﬁeld is increased further. The
rotational constant of the spectrum recorded at 510 V/cm (blue curve) corresponds to
B′′ = 4.2 MHz, compared to B′′ = 15.6 MHz for the zero-ﬁeld spectrum. The rotational
constant, reduced by a factor of 4 from the zero-ﬁeld value, does not appear to change
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further with increasing ﬁeld strength. In addition, there is not a smooth transition in the
rotational constant, going from zero-ﬁeld to 510 V/cm. In fact, the spectrum recorded at
118 V/cm appears to be a superposition of two spectra, having two diﬀerent B′′ constants.
The zero-ﬁeld spectrum appears as a broad background in the 204 V/cm spectrum and
HCN-X Na K Rb Cs
I amu-Å2 (ab initio) 136 208 293 337
∆I amu-Å2 (x 104)
(510 V/cm - 0 V/cm) 7.96 8.57 17.6 27.2
Table 9.2: Summary of the ab initio and experimental moments of inertia for HCN-
X (X=Na, K, Rb, Cs) complexes. The enhancement of the moment of inertia upon
application of the small Stark ﬁeld is not constant throughout the alkali series. (N¯ =
7200)
disappears entirely once the ﬁeld has reached 510 V/cm. Clearly, application of the Stark
ﬁeld and orientation of the complex in the laboratory frame provides a mechanism to
increase the moment inertia by 7.96 x 104 amu-Å2, again not a minor eﬀect. A summary
of ∆IB between the 510 V/cm and 0 V/cm HCN-X spectra is provided in Table 9.2,
corresponding to a mean droplet size of 7200 helium atoms. The small frequency shift is
also apparent at 118 V/cm. A small 30-50 MHz blue shift is observed upon application
of the ﬁeld, and the shift back to the red is typical of the Stark spectrum of a linear
molecule that has an increase in the permanent dipole moment in the excited vibrational
state.
A simulation of a linear molecule Stark spectrum, ﬁxing the B′′ constant to the
value obtained at 510 V/cm, provides an estimate of the HCN-Na dipole moment. The
simulation of the Stark spectrum recorded at 6.75 kV/cm, shown in Figure 9.12 (smooth
red line), was produced with ground and upper vibrational state dipole moments of
6.9 and 7.0 Debye, respectively. Although the experimental error bars are large (±
0.2 Debye), the UMP2 / 6-311++G(2d,2p) dipole moment, µUMP2= 6.81 Debye, is in
good agreement with the experimental values, providing further support to the HCN-Na
assignment.
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Figure 9.12: Stark spectrum of HCN-Na obtained with a 6.75 kV/cm ﬁeld strength. The
nozzle temperature was 18.0 K, producing an average droplet size equal to 7200 helium
atoms.
9.2.2 Linear Chains of (HCN)n-Na
In addition to the band centered at 3303.19 cm−1, several weaker bands were also ob-
served in the pendular spectrum near 3306 cm−1. The bottom (red) spectrum in Figure
9.13 was recorded with the Na oven at room temperature, and all the observed bands
can be assigned to either the (HCN)n (n=3-6) linear chains [84] or clusters of HCN with
background H2O or N2. The middle (black) and top (blue) spectra were obtained with
the Na oven at 215 ◦C, the top spectrum corresponding to zero-ﬁeld conditions. Many
new sharp pendular bands were observed with the oven hot. The new progression of
sharp features is easily assigned to (HCN)n-Na complexes by measuring the signal inten-
sity as the HCN pick-up cell (PUC) pressure is continually varied. The PUC pressure
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Figure 9.13: Pendular state spectra of the linear (HCN)n-Na complexes in the free C-H
stretching region. The bottom two spectra correspond to the pendular spectra (∼30
kV/cm) obtained with the sodium oven hot (black) and cold (red). The top spectrum
was obtained with the pendular ﬁeld oﬀ while the sodium oven was hot (215 ◦C).
dependence curves shown in Figure 9.14 were recorded with the laser ﬁxed to the fre-
quencies shown in the legend. Also shown are the PUC pressure curves for the (HCN)n
linear chains (n = 1−5) for comparison. For each measurement, a diﬀerentially pumped,
static, gas pick-up cell was used in the following way. First the pressure was raised to
∼ 10−4 Torr; then, a series of needle valves were used such that the gas could be shut oﬀ
completely, allowing the pressure to slowly decrease to a baseline value of approximately
3 x 10−7 Torr.
Comparing the pressures that optimize the new peaks to those for the (HCN)n linear
chains, we can assign the pendular bands centered at 3306.09, 3305.75, 3305.54, 3305.41,
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Figure 9.14: Pick-up cell pressure dependence curves for the linear (HCN)n-Na curves.
The laser was ﬁxed to the frequencies given in the legend, and the signal was monitored
as the pressure in the pick-up cell was varied. The peak of each curve was normalized to
one.
and 3305.33 cm−1, to the free C-H stretching bands of the (HCN)n-Na complexes, with
n=2, 3, 4, 5, and 6, respectively. The small discrepancy observed between the (HCN)n
and (HCN)n-Na PUC curves for each value of n is attributed the diﬀerent line widths
of the two sets of spectra, the (HCN)n spectra being broader on average. In addition,
there is a small (∼200 helium atom) diﬀerence in the droplet size, since additional He
evaporation is required to cool the (HCN)n-Na complexes. As the pressure is varied, the
most probable droplet size (which has picked-up all the fragments required to form the
complex) also varies. As a result, the solvent frequency shift will vary with pressure,
since the shift is droplet size dependent. Therefore, at non-optimal pressures, the laser
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Figure 9.15: Frequency shift of the (HCN)n-Na free C-H stretch as a function of n.
The red-shift is deﬁned as the diﬀerence between the (HCN)n and (HCN)n-Na free C-H
stretching frequencies. The smooth line is provided as a guide for the eye.
will no longer be ﬁxed to the peak of the pendular band. The variation in the peak
frequency eﬀects the PUC curves of the sharp (HCN)n-Na bands more, in comparison to
the broader (HCN)n bands. Figure 9.15 compares the frequency shift of each (HCN)n-Na
chain from the (HCN)n free C-H stretch vibrational band origins. The smooth variation
in the frequency shift is supportive of the assignment to the (HCN)n-Na complexes with
the Na atom bound to the nitrogen end of the chain, furthest from the free C-H stretch.
The frequency shift decreases with increasing n as the nitrogen bound Na atom becomes
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further removed from the free C-H oscillator. Since the Na atom is picked up ﬁrst, the
formation of the (HCN)n-Na chains occurs by successive addition of HCN molecules to
the free hydrogen end of the (HCN)n−1-Na chain.
9.3 HCN-X (X=K, Rb, Cs)
The analogous pendular spectrum was obtained for the (HCN)n-X (X=K, Rb, Cs)
(n=1-6) complexes, applying the same technique described above. The pendular spec-
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Figure 9.16: Pendular state spectra of the (HCN)n-K complexes. The inset shows the
spectra for n > 1, with the top curve corresponding to the zero-ﬁeld spectrum.
trum of the (HCN)n-K complexes is shown in Figure 9.16 with the inset showing an
expanded view of the linear chain (HCN)n-K spectrum. The assignment of the (HCN)n-
K spectrum was once again straightforward, and it was obtained and justiﬁed in the same
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way as discussed for the (HCN)n-Na spectrum. The band centered at 3302.80 cm−1 is
assigned to the binary HCN-K complex, and the evolution of the band with increasing
Stark ﬁeld strength (Figure 9.17) is similar to the HCN-Na spectrum. Once again a
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Figure 9.17: Evolution of the spectrum of the C-H stretch (3302.80 cm−1) of the HCN-K
complex with increasing Stark ﬁeld strength. The nozzle conditions were ﬁxed at 60 bar,
19.0 K (N¯ = 6000) and the Stark ﬁeld was increased as shown in the legend (increasing
ﬁeld from bottom to top).
large eﬀective moment of inertia is observed under zero-ﬁeld conditions, which increases
further with the application of the Stark ﬁeld. In addition, the band origin of the 510
V/cm spectrum is shifted by approximately 50 MHz to the blue, relative to the zero-ﬁeld
spectrum. The only diﬀerence observed is a slight reduction in the rotational constant
relative to the HCN-Na band recorded at the same average droplet size, which is rea-
sonable, given the HCN-K complex is 16 amu heavier. The rotational constants for the
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Figure 9.18: Evolution of the spectrum of the C-H stretch of the (HCN)2-K complex
with increasing Stark ﬁeld strength. The nozzle conditions were ﬁxed at 60 bar, 18.0 K
(N¯ = 7200) and the Stark ﬁeld was increased as shown in the legend (increasing ﬁeld
from bottom to top).
HCN-X complexes at N¯ = 7200 are compared in Table 9.1.
In addition to the binary complex, the zero-ﬁeld and Stark spectra of the (HCN)2-
K were measured and are shown in Figure 9.18. The (HCN)2-K band (pendular band
centered at 3306.19 cm−1) is overlapped with the band to the blue, assigned as the
(HCN)2-H2O band. The important point here is that the HCN dimer potassium spectrum
is characteristic of the HCN-K spectrum, having a large zero-ﬁeld moment of inertia that
increases upon application of the Stark ﬁeld. Again, the Stark spectra corresponding
to moderate ﬁeld strengths appear to be shifted to the blue relative to the zero-ﬁeld
spectrum (bottom black curve). Clearly, the rotational dynamics are not signiﬁcantly
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altered by adding an additional HCN molecule to the complex.
The (HCN)n-Rb (n =1-6) pendular spectrum was recorded with the Rb oven tem-
perature set to ∼100 ◦C, which maximized the intensity of the band at 3302.96 cm−1.
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Figure 9.19: Pendular state spectra of the (HCN)n-Rb complexes. The inset to the
right of the ﬁgure shows the spectra for n > 1, while the inset to the left of the ﬁgure
shows the two pendular peaks assigned to the HCN-Rb binary complex. The numbers,
n, correspond to the length of the HCN chain in the (HCN)n-Rb complexes.
As shown in the top left inset of Figure 9.19, there are two peaks in the (HCN)n-Rb
pendular spectrum, separated by ∼0.25 cm−1, that can be assigned to the binary HCN-
Rb complex based on the PUC pressure dependence of the signals. The zero-ﬁeld and
Stark spectra of the HCN-Rb band centered at 3302.96 cm−1 are shown in Figure 9.20.
Once again, all the features observed for the HCN-Na and HCN-K spectra are repro-
duced. It is interesting to compare the two bands centered at 3302.96 cm−1 and 3303.21
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Figure 9.20: Evolution of the spectrum of the C-H stretch of the HCN-Rb complex
(3302.96 cm−1) with increasing Stark ﬁeld strength. The nozzle conditions were ﬁxed
at 60 bar, 18.0 K (N¯ = 7200) and the Stark ﬁeld was increased as shown in the legend
(increasing ﬁeld from bottom to top).
cm−1. As shown in the inset of Figure 9.21, the PUC pressure curves strongly support
the assignment of both bands to complexes containing one HCN molecule. Also shown
for comparison are the PUC curves for HCN and (HCN)2. In addition, the two bands
had identical oven temperature dependence. Figure 9.21 also shows a comparison of the
two bands at diﬀerent Stark ﬁeld strengths, the bottom set being at zero-ﬁeld. Using
the same constants required to simulate the spectra centered near 3302.96 cm−1, we ﬁnd
that the band shifted to the blue can be reproduced by simply increasing the line width
by a factor of two. Within the experimental error, the two bands can be simulated with
the same B′′ rotational constant and dipole moment, adjusting only the line width (90
193
0 1 2
-0.050 -0.025 0.000 0.025 0.050
0
20
40
 3303.21
 3302.96
 
 
S i
g n
a l
 
( a .
u
.
)
Relative Wavenumber (cm-1)
 3302.96
 3303.21
 (HCN)1
 (HCN)2
 
 
 PUC (x10-5) Torr
Figure 9.21: Comparison of the zero-ﬁeld and Stark spectra of the two bands assigned
to the HCN-Rb binary complex. The spectra of the band centered at 3303.21 cm−1 was
scaled to match the intensity of the other band. The inset shows the pick-up cell pressure
dependence of the two bands relative to the HCN monomer and HCN dimer.
MHz and 180 MHz). As a result, we conclude that the two bands are associated with the
HCN-Rb binary complex. The weaker of the two bands is assigned to the upper polyad of
an anharmonic resonance, involving the coupling of the ν1 C-H stretch to a near resonant
dark state. The larger homogeneous line width of the upper resonance polyad (3303.21
cm−1) is likely due to the fact that the vibrational energy can quickly relax to the near
resonant lower polyad. In addition, the upper polyad is composed of bending vibrations
that have been shown [58,97,279] to couple more eﬀectively to the elementary modes of
the helium droplet, hence reducing the lifetime of the excited vibrational state.
Finally, we turn our attention to the (HCN)n-Cs pendular spectrum, shown in Figure
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Figure 9.22: Pendular state spectra of the (HCN)n-Cs complexes. The inset shows the
spectra for n > 1, both spectra obtained using droplet source conditions corresponding
to a mean droplet size of 7200 helium atoms.
9.22. Again, we ﬁnd bands which can easily be assigned to the free C-H stretch vibrations
of the linear (HCN)n-Cs (n=1-6) chains, with the Cs atom bound to the nitrogen end
of the HCN chain. The C-H stretch pendular band of the binary HCN-Cs complex is
located in the same spectral region as for the other HCN-X species. Figure 9.23 shows the
spectrum of HCN-Cs (centered at 3303.16 cm−1) recorded at various Stark ﬁeld strengths.
The bottom spectrum corresponds to zero-ﬁeld conditions and is again characteristic of
a rotor with a large eﬀective moment of inertia (10.3 x 104 amu-Å2). As the Stark ﬁeld
strength increases, the moment of inertia increases and the C-H stretch vibrational band
orgin shifts to the blue by ∼50 MHz, consistent with the other HCN-X Stark spectra. The
dipole moments obtained from simulations of the HCN-X Stark spectra are summarized
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Figure 9.23: Evolution of the spectrum of the C-H stretch of the HCN-Cs complex (pen-
dular band at 3303.16 cm−1) with increasing Stark ﬁeld strength. The nozzle conditions
were ﬁxed at 60 bar, 18.0 K (N¯ = 7200) and the Stark ﬁeld was increased as shown in
the legend (increasing ﬁeld from bottom to top).
in Table 9.1, all in good agreement with the ab initio results.
9.4 Discussion
A comparison of the experimental and ab initio dipole moments and frequency shifts
provides strong support to the assignments of the HCN-X (X=Na, K, Rb, and Cs)
spectra. In addition, the assignments are supported further when each band's dependence
on the HCN pick-up cell pressure and alkali oven temperature is considered. However,
the measured rotational constants are anomalously small, corresponding to rotors having
extremely large eﬀective moments of inertia, especially in comparison to the ab initio
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HCN-X values (Table 9.2). Given the support for the assignments discussed above, it is
clear that the large deviation from the experimental and ab initio moments of inertia is
reﬂective of the unique rotational dynamics of the HCN-X dopants, previously unobserved
for molecular rotors solvated in helium droplets.
Formation of the HCN-X complex is almost certainly occurring on or near the surface
of the helium droplet. With the alkali atom residing in a surface dimple, the droplet
collides with an HCN molecule. Although the HCN molecule could initially become
solvated, the HCN-droplet potential is ﬂat [41] near the droplet center, such that it can
approach the surface. The long-range attractive HCN-X potential would then steer the
HCN molecule towards the alkali atom, resulting in complex formation. However, it is not
clear if complex formation leads to a surface bound, partially solvated, or fully solvated
complex. The ﬁnal location of the dopant relative to the surface of the droplet will depend
on the sign of the occlusion energy. If the free energy gain upon solvation is greater than
the free energy cost of helium cavitation, then the complex will sink. If solvation leads to
an increase in the systems free energy, then it will remain on the surface. Certainly, the
He-HCN-Na interaction potential suggests that an HCN-Na complex placed at the center
of a droplet would create a cavity with an ∼10 Å diameter centered at ∼ x = −4Å (see
Figure 9.4). A surface bound location seems likely, especially considering that the free
energy could be reduced by orienting the complex towards the center of the droplet such
that the hydrogen end becomes solvated, while the sodium end of the complex resides on
the surface.
We now return to the discussion of the eﬀective moment of inertia. We initially
considered two models to account for the anomalously large moments of inertia. Since
I = MR2 in the rigid rotor approximation, either the dopant has become eﬀectively
more massive, as a result of helium following the dopant rotational motion, or the axis of
rotation has been shifted from the center of mass of the HCN-X complex. For example,
consider the zero-ﬁeld spectrum of HCN-Na, corresponding to N¯ = 7200. To account for
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the enhanced moment of inertia, either the equivalent of several hundred helium atoms
must rotate rigidly with the dopant about a molecular axis, or the dopant must rotate
about an axis that is shifted by 26 Å from the HCN-Na center of mass. One possibility,
corresponding to the latter scenario, is that the complex is rotating on the surface about
an axis through the droplet center of mass. The radius of a N helium atom droplet is
R = β−1/3N1/3, where β = 4
3
piρ (ρ = 0.0218Å−3), and an N = 7200 droplet has a 43 Å
radius. While the agreement is not very good for this simple model, it does not rule out
the possibility that the dopant is partially solvated near the surface, rotating about the
droplet center of mass.
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Figure 9.24: Rotational constants of the HCN-X (X=Na, K, Rb, Cs) complexes as a func-
tion of mean droplet size under zero-ﬁeld conditions. The smooth curves were obtained
by ﬁtting each data set to the functional form shown in the ﬁgure.
For the zero-ﬁeld spectra discussed above, we ﬁnd that the eﬀective moment of inertia
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depends on both the mass of the dopant and the average size of the droplet. The zero-ﬁeld
spectra were measured for various droplet sizes, and the droplet size dependence of the
rotational constants is shown in Figure 9.24. The droplet sizes in the ﬁgure correspond
to the mean droplet size produced at each nozzle source condition without adjusting for
the size reduction that occurs upon pick-up and condensation of the dopant. At ﬁrst,
we attempted to ﬁt the data in Figure 9.24 assuming the complex rotates on the surface
of the droplet about the center, which leads to equation 9.2 as an expression for the
rotational constant droplet size dependence (units of MHz).
B(N¯) =
5.0539 ∗ 105
Mβ−2/3(N¯ − a)2/3 + b (9.2)
The value ofM was ﬁxed to the HCN-X mass. The adjustable parameter a represents the
helium loss upon pick-up and cluster condensation, while the parameter b is representative
of an additional moment of inertia, resulting from the complex dragging helium density
along with it as it moves on the surface. However, the ﬁts of each set of data to equation
9.2 were very poor, and an additional term was required in the expression for B(N¯) in
order to obtain the improved ﬁts shown as smooth lines in Figure 9.24. The modiﬁed
expression,
B(N¯) =
5.0539 ∗ 105
Mβ−2/3αN¯(N¯ − a)2/3 + b (9.3)
includes an additional adjustable parameter, α, along with a modiﬁed N¯ dependence.
Although equation 9.3 was determined empirically, it can be justiﬁed in the following
way.
Assume the dopant resides just below the surface of a droplet with radius R1 =
β−1/3N1/3. The distance from the dopant center of mass to the center of the droplet, R2,
is deﬁned as a fraction of R1, that is R2 = nR1 (n = (αN)1/2). The moment of inertia,
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I, about the droplet center of mass is therefore deﬁned as,
I = Mβ−2/3(αN)N2/3. (9.4)
Equation 9.3 follows, with a and b deﬁned above. The zero-ﬁeld droplet size dependence
was ﬁtted to equation 9.3, and the best ﬁt parameters are given in Table 9.3. The
diﬀerence between R1 and R2 is ∆ = β−1/3(N1/3 − α1/2N5/6) and can be deﬁned as the
distance from the droplet surface to the dopant center of mass. Based on the above
model, ∆ varies from 14 Å to 19 Å upon changing the droplet size from 10000 to 2000
helium atoms. It is interesting to note, that, for droplet sizes between 10000 to 2000, the
HCN-X Na K Rb Cs
Zero-Field
M (amu) 50 66 112 160
a (He atoms) 2(1)x103 2241.3(7) 2043(1) 2469.4(8)
b (amu-Å2) 8(3)x103 1.5(1)x104 2.8(2)x104 4.8(3)x104
α (He atoms)−1 5(3)x10−5 6.0(5)x10−5 4.0(6)x10−5 1.7(2)x10−4
510 V/cm
M (amu) 50 66 112 160
a (He atoms) 1.7(3)x103 1.95(6)x103 · · · · · ·
b (amu-Å2) 4.6(3)x104 3.3(4)x104 · · · · · ·
∆I = M(R21 −R22) (x 104 amu-Å2) 5.6 7.4 13 18
∆I (510 V/cm - 0 V/cm) (x 104 amu-Å2) 7.93 8.57 17.6 27.2
Table 9.3: Summary of the best ﬁt parameters for the HCN-X (X=Na, K, Rb, Cs)
rotational constant variation with droplet size analysis. ∆I = M(R21 − R22) correspondsto the predicted increase in the moment of inertia if the distance from the center of
the droplet to the dopant center of mass increases from R2 = 27Å to R1 = 43Å upon
application of the Stark ﬁeld.
best ﬁt b values are consistent with the equivalent of 4 to 8 helium atoms following the
rotational motion of the dopant, adding to the eﬀective mass of the dopant. Additionally,
the hydrodynamic contribution to the eﬀective translational mass of HCN-Na in bulk
helium is calculated to be ∼ 36 amu, while the value for HCN is determined to be ∼ 13.5
amu [280], in good agreement with the 16-32 amu ﬁtted values. Indeed, we expect the
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hydrodynamic contribution for an HCN-Na complex with HCN solvated and Na on the
surface to be between the HCN-Na and HCN bulk values.
While the above model is rather crude, having three adjustable parameters, it does
ﬁt the data well for all the HCN-X zero-ﬁeld spectra, and it is consistent with the dopant
being located in a deep dimple site on the surface with the dipole moment oriented on
average towards the center of the droplet. The center of mass is approximately 16±2
Å from the outer droplet surface (shown schematically in Figure 9.25) and the complex
rotates about the center of the droplet. Considering the He-HCN-Na potential (Figure
9.4), for this simple model, the helium density located near the hydrogen end will shift
the center of mass of the dopant towards the hydrogen atom, which is about 12 Å from
the well on the Na end of the potential, perhaps accounting for the observed ∆.
Figure 9.25: Cartoon of the proposed location for an HCN-X (X=Na,K,Rb,Cs) complex
formed on the surface of a helium droplet.
Upon application of a small (∼300 V/cm) Stark ﬁeld to the laser interaction region,
the HCN-X spectrum changed in two ways that were unexpected. A small ∼50 MHz
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blue shift of the spectrum occurs in addition to a large increase in the eﬀective moment
of inertia. The bottom of Table 9.3 shows the change in I that occurs upon increasing
the ﬁeld to 510 V/cm. It is again important to note that a smooth transition in the
rotational constant is not observed. Instead, the spectrum with the smaller rotational
constant grows in as the spectrum with the larger constant diminishes. Clearly, turning on
the Stark ﬁeld provides a mechanism to enhance the moment of inertia by approximately
104-105 amu-Å2. One possibility is that the dopant center of mass moves further away
from the center of the droplet as a result of the lab frame electric ﬁeld. For example, if we
assume the center of mass is forced to the surface of the droplet when the ﬁeld is applied,
the increase in the moment of inertia is deﬁned as ∆I = M(R21 − R22). For a droplet of
size N = 7200, R1 = 43Å and R2 = 27Å, from the above discussion (∆ = 16Å). The
predicted ∆I's are shown at the bottom of Table 9.3 and are in excellent agreement with
the measured values.
We now consider the consequences of applying the lab frame Stark ﬁeld. Under zero-
ﬁeld conditions, given the above analysis, it is reasonable to conclude that the alkali atom
resides in a deep dimple site on the surface of the droplet with the HCN molecule solvated.
To minimize the free energy, the complex points on average towards the center of the
droplet. As a result, there is some degree of droplet frame orientation of the HCN-X
dipole moment, whereas the dipole moment is randomly oriented in the laboratory frame
of reference. When a small Stark ﬁeld is applied, the dipole moment will tend to orient
along the ﬁeld direction in the lab frame. As a result, the complex may tend to re-orient
itself relative to the droplet surface, increasing the distance between the droplet center
and the HCN-X center of mass, resulting in the Stark induced positive ∆I. If the dipole
moment of the complex is on average parallel to the droplet surface, then orientation of
the dipole moment in the lab frame would not require the heliophobic alkali atom to be
rotated into the solvent.
If the center of mass of the HCN-X complex is on the surface of the droplet, then
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Figure 9.26: Moment of inertia of the HCN-X (X=Na, K, Rb, Cs) complexes as a function
of the complex mass under modest Stark ﬁeld conditions (∼510 V/cm). The mean droplet
size was ﬁxed to approximately 7200 helium atoms by keeping the nozzle temperature at
18.0 K for all four complexes. The linear ﬁt corresponds to an R value of 0.9991. Also
shown are the moments of inertia for the HCN-X complexes under zero-ﬁeld conditions for
the same mean droplet size (blue squares), along with the ab initio values (red squares)
multiplied by a factor of 500.
the moment of inertia should scale linearly with the mass of HCN-X for a ﬁxed average
droplet size. A linear ﬁt to the HCN-X moments of inertia measured at 510 V/cm is
shown in Figure 9.26. All of the data points correspond to measurements at a ﬁxed mean
droplet size of approximately N¯ = 7200. Indeed, the moment of inertia increases linearly
as the mass of the dopant increases. Since I = MR2, the square root of the slope of the
line gives an average droplet radius, R¯ = 49 ± 1Å. Averaging R = β−1/3N1/3 over the
60 bar, 18.0 K distribution of droplet sizes containing exactly one HCN and one X atom
(Pocc, see Section 2.2), we obtain an average radius of 46 Å, in good agreement with the
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value obtained from the ﬁt. In addition, as described for the zero-ﬁeld case, the mass can
be ﬁxed and the average droplet size varied, as shown in Figure 9.27 for HCN-Na and
HCN-K. While the ﬁts were very poor for the zero-ﬁeld data, the variation of the 510
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Figure 9.27: Rotational constants of the HCN-Na and HCN-K complexes as a function
of the mean droplet size. The rotational constants were obtained from simulations of the
∼510 V/cm Stark spectra recorded at various nozzle temperatures. The smooth curves
are ﬁts of each data set to the functional form shown in the ﬁgure.
V/cm rotational constant with average droplet size ﬁts very well to equation 9.2. The
best ﬁt parameters are given in Table 9.3. The additional αN term is not required to ﬁt
the 510 V/cm data, suggesting that the distance of the dopant center of mass from the
axis of rotation is roughly the droplet radius. Certainly, the results presented in Figures
9.26 and 9.27 are consistent with a model in which the dopant is rotating on the surface
about the center of the droplet. The value of R, determining the moment of inertia of
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the rotational motion, is simply the droplet radius.
It is interesting to note that the small blue shift is also consistent with the above
model. As discussed in Chapter 4, the solvent frequency shift has two components, a
blue shift due to the short range repulsive interaction and a red shift due to the long
range attractive helium-dopant interaction, both increasing in the excited vibrational
state. Both contributions typically cancel each other, usually resulting in a small solvent
red shift. Take for example the HCN monomer species, which is solvated and red shifted
from the gas phase frequency by ∼ 0.4 cm−1. If the HCN molecule were forced to the
surface of the droplet, it would then be in a helium environment that contributes less
to the long range attractive part of the He-HCN potential that is responsible for the
red shift. As a result, we would expect the C-H stretch frequency to shift to the blue,
relative to the fully solvated species. Therefore, the small blue shift observed for the
HCN-X spectra can be interpreted as resulting from the complex being forced into a new
solvation environment by the external ﬁeld.
Finally, we would like to point out that despite many attempts, we were unable to
obtain spectra for the Hydrogen Fluoride (HF)-alkali atom complexes. This was surpris-
ing, given that we also observed complexes of Na and K with Cyanoacetylene (HCCCN).
In addition, the ab initio calculations suggested that the complexes were all strongly
bound with binding energies ≥ 800 cm−1. The intermolecular, counterpoise corrected
potential surfaces for HF-Li and HCN-Li are shown for comparison in Figures 9.28 and
9.29, respectively. The minimum energy structure for the HF-Li complex corresponds to
a bent structure with the Li atom bound to the ﬂuorine end of HF. There is also a shallow
minimum in the linear Li-HF conﬁguration. The minimum energy structures for all the
HF-X complexes were similarly bent with an additional shallow minimum in the linear
X-HF geometry. In comparison, the HCN-Li complex is linear, as was shown for HCN-Na
above. The important point, though, is that each set of alkali adsorbate complexes are
strongly bound. As a result, it is not clear why we were unable to observe the spectra of
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Figure 9.28: Intermolecular potential energy surface for the HF-Li complex obtained at
the RMP2 / aug-cc-pVTZ level of theory. The Jacobi coordinates, R, and θ, correspond
to the distance from the lithium atom to the center of mass of HF and the lithium, center
of mass, hydrogen angle. The global minimum corresponds to a bent HF-Li geometry
with a counterpoise corrected binding energy equal to -1570 cm−1. Contours range from
-1700 to 0 and are separated by 50 cm−1.
the HF-X complexes, which are predicted to have strong absorptions in the 2-3 µm region
of the infrared. It is reasonable to suspect that the long-range interactions between the
two sub-units are important in determining the probability of forming the complex, given
that the HCN or HF molecule must be attracted to the atom on the surface. Figure 9.30
shows one-dimensional slices of the HCN-Li and HF-Li potential surfaces, illustrating the
diﬀerence in the long range interactions. It is apparent that the HCN-Li interaction is
more attractive at long-range, resulting from the larger dipole-induced dipole interaction
for the more polar HCN molecule. As a result, the HCN fragment does not have to
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Figure 9.29: Intermolecular potential energy surface for the HCN-Li complex obtained at
the RMP2 / aug-cc-pVTZ level of theory. The Jacobi coordinates, R, and θ, correspond
to the distance from the lithium atom to the center of mass of HCN and the lithium,
center of mass, hydrogen angle. The global minimum corresponds to the linear HCN-Li
geometry with a counterpoise corrected binding energy equal to -2280 cm−1. Contours
range from -2300 to 0 and are separated by 50 cm−1.
approach as closely before being steered towards complex formation. In comparison, if
the droplet potential keeps the HF molecule from approaching within 4 Å of the Li atom,
the complex may never form. We propose that the majority of HF molecules picked
up by the droplets will not come close enough to the alkali atom to form the complex,
accounting for the absence of complexes in the HF / alkali atom infrared spectra.
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Figure 9.30: Comparison of one-dimensional cuts of the HCN-Li and HF-Li potential
energy surfaces. The values of θ were constrained to 180 and 120 degrees for HCN-
Li and HF-Li, respectively. HCN-Li has the more attractive potential at long range
(R ≥ 5Å).
9.5 Summary
The binary complexes of HCN-X (X = Na, K, Rb, and Cs) were formed on the surface
of helium droplets by sequential pick up of the alkali atom followed by the HCN molecule.
The infrared spectrum of the ν1 fundamental C-H stretching band revealed an extreme
enhancement of the moment of inertia on the order of 104 − 105 amu-Å2. The eﬀective
moment of inertia was found to be strongly dependent on both the average droplet size
and the mass of the dopant. A model for the rotational dynamics was proposed to account
for the dopant mass and droplet size dependence of I0V/cm. In the model, the alkali atom
of the complex is located in a deep dimple site on the surface of the droplet. The HCN
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end of the HCN-X complex is solvated in the liquid, with the permanent dipole moment
oriented on average parallel to the vector connecting the droplet center and the dopant
center of mass. We ﬁnd that applying a small DC electric ﬁeld to the laser interaction
region increases the rotational eﬀective moment of inertia by an additional 105 amu-Å2.
The droplet size and dopant mass dependence of I510V/cm is consistent with the complex
center of mass being forced to the surface, resulting in a complex rotating on the surface
of the droplet with a moment of inertia determined by ∼ I = MR2, where R is simply the
droplet radius. We propose that the lab frame orientation of the HCN-X dipole moment
requires the complex to move towards the surface such that the dipole moment can orient
parallel to the droplet surface. As a result, the alkali end of the complex is not required
to rotate into the liquid to achieve the laboratory frame orientation.
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Chapter 10
Rotational Dynamics of the Binary
HCN-Ca and HCN-Sr Complexes
Formed on the Surface of Helium
Nanodroplets
Infrared laser spectroscopy is used to probe the rotational dynamics of the binary
HCN-X (X=Ca, Sr) complexes formed on the surface of helium droplets. We observe
the same surface bound spectral signatures as reported in the previous chapter for
the HCN-alkali atom complexes. In addition, the HCN-Ca spectrum has a rotationally
resolved component, suggesting that a fraction of the HCN-Ca formation events lead to
solvation. Several HCN-(X)m complexes are also observed, some of which are rotationally
resolved, suggesting that the larger complexes are all solvated.
10.1 Introduction
While it is now well established that alkali atoms reside in a dimple on the droplet
surface, the location of Ca and Sr is less clear. Several high level ab initio calculations
of the X-He pair potentials have been reported in an attempt to predict the location
based on the Ancilloto parameter, which is a measure of the relative stability of surface
and solvated states. The Ancilloto parameters [259] (equation 9.1) derived from the Mg-
He [281], Ca-He [262, 281, 282], and Sr-He [262, 282] pair potentials are λ =2.7, 2.1, and
2.0, respectively. Magnesium has been determined to be solvated in helium droplets, both
as an isolated atom [274] and upon complex formation with a polar molecule [272]. Since
λ ∼= 1.9 has been suggested as being representative of the crossover point between surface
and solvated states [259], a calcium or strontium atom may be located in a transitional
state between the two regimes. Indeed, the helium droplet absorption spectra of Ca
and Sr, measured in the group of Stienkemeier [283], were shifted and broadened to a
lesser extent than the absorption spectra measured in bulk superﬂuid helium [284, 285].
However, at the same time, the solvent perturbation was determined to be larger than
that observed for the surface bound alkali atoms. The results were suggestive of a Ca
and Sr location that was intermediate between a surface dimple and fully solvated state.
The intermediate regime was described by Stienkemeier and co-workers [283] as a more
pronounced dimple.
As discussed in the previous chapter, the rotational dynamics of surface bound HCN-
X (X being an alkali atom) complexes were probed by vibrationally exciting the C-H
stretch ν1 fundamental in the 3 µm region of the infrared. In fact, there were distinct
spectral signatures of the surface bound states, corresponding to a large reduction in
the rotational constant. As a result, by measuring the analogous HCN-Ca and HCN-Sr
spectra, we can directly probe the location of the complex with respect to the droplet
surface.
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10.2 Ab initio Calculations
The results from ab initio calculations for the HCN-Ca and HCN-Sr binary complexes
at the MP2 and CCSD(T) levels of theory are given in Table 10.1. For all the calculations,
an aug-cc-pVTZ basis set was used for the H,C, and N atoms, while the Stuttgart RSC
1997 eﬀective core potentials [286] were used for Ca and Sr, each having 10 electrons in
the valence with the remaining electrons in the core. The minimum energy structures
HCN-X Ca Sr Ca Sr
ab initio (MP2) ab initio (CCSD(T))
B′′ (cm−1) 0.0882 0.0667 0.0792 0.0682
IB (amu-Å2) 191 253 213 247
µMP2 (Debye) 6.86 6.78 · · · · · ·
De (cm−1) 265 545 478 656
rN−XÅ 2.738 2.820 2.935 2.784
Experimental HCN-Ca HCN-Sr
N¯ = 17000 Resolved Unresolved N¯ = 13000
µ′′ (Debye) 6.9(1) 6.9(1) 6.9(1)
µ′ (Debye) 6.9(1) 7.0(1) 7.0(1)
4ν (cm−1) 15.70 15.67 15.18
ν0(cm−1) 3295.50 3295.53 3296.02
B′′ (cm−1) 0.036(3) 0.00043 0.00044
B′ (cm−1) 0.036(2) 0.000431 0.00044
D′′ (cm−1) 3(8)x10−5 4.8x10−9 1x10−9
D′ (cm−1) 4(5)x10−5 4.8x10−9 1x10−9
Γ (cm−1) 0.01 0.0025 0.0020
T (K) 0.37 0.37 0.37
Bab initio/B0V/cm 2.2 184 155
∆I0V/cm (amu-Å2) 255 3.90 x 104 3.81 x 104
Bab initio/B510V/cm 2.2 635 542
∆I510V/cm (amu-Å2) 255 13.5 x 104 13.4 x 104
Table 10.1: Summary of the ab initio and experimental constants for the HCN-X (X=Ca,
Sr) complexes. The ∆IB values correspond to the enhanced moments of inertia relative
to the ab initio values. For both of the ab initio methods, all electrons were correlated.
Throughout, an aug-cc-pVTZ basis set was used for HCN, while eﬀective core potentials
(Stuttgart RSC ECP 1997) from the Gaussian Basis Set library were used for Ca and
Sr [286]. The ECP basis sets each have 10 valence electrons with the remainder in the
core.
correspond to a linear complex with either the Ca or Sr atom bound to the Nitrogen
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end of HCN. The calculated MP2 dipole moments are similar to those obtained for the
HCN-alkali complexes, suggesting that the interactions are quite similar. In addition,
the HCN-Ca/Sr MP2 diﬀerence density plots in Figures 10.1 and 10.2 are presented for
comparison to the corresponding HCN-Na plot (Figure 9.3). There does appear to be
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Figure 10.1: MP2 diﬀerence density two-dimensional surface for the HCN-Ca binary
complex. The contours range from -0.036 to 0.036 and are separated by 0.00288 e/Å3.
Solid curves correspond to positive contours representing regions which gain electron
density upon complex formation, while the dashed curves correspond to negative contours
(loss of electron density).
additional electron density that builds up between the weak Ca/Sr-N intermolecular bond
in comparison to HCN-Na, along with a small decrease in density directly behind the
Ca/Sr atom. However, given that we are limited to the RHF density for HCN-Na, it is
diﬃcult to make comparisons between the two results.
213
-4 -2 0 2 4 6
-4
-2
0
2
4
MP2 density HCNSr Stuttgart ECP RSC 1997 
Y  
( A
n
g s
t r
o
m
)
X (Angstrom)
Sr     N     C     H
Figure 10.2: MP2 diﬀerence density two-dimensional surface for the HCN-Sr binary
complex. The contours range from -0.036 to 0.036 and are separated by 0.00288 e/Å3.
Solid curves correspond to positive contours representing regions which gain electron
density upon complex formation, while the dashed curves correspond to negative contours
(loss of electron density).
10.3 Zero-Field and Stark spectra of the HCN-Ca bi-
nary complex
The experimental method used to obtain the HCN-Ca and HCN-Sr spectra is in many
respects identical to the description given in Chapter 9 for the HCN-alkali spectra. The
important diﬀerence being the design of the oven used to dope the droplets with the metal
atoms. A 480 (450)◦C temperature is required to produce the appropriate vapor pressure
of Ca (Sr) necessary to dope the droplets on average with one atom. Both temperatures
are well below the melting temperature of the bulk material, and we were able to use
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an eﬀusive metal oven introduced into the instrument through a horizontal load lock.
The eﬀusive oven (Dr. Karl Eberl MBE Komponenten) consisted of a radiatively heated
pyrolytical boron nitride crucible (PBN) containing either solid Ca or Sr metal. The
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Figure 10.3: Pendular state spectrum of the (HCN)n-(Ca)m complexes. The pendular
bands corresponding to the HCN monomer and dimer are labeled, along with free C-H
stretch of the HCN-Ca binary complex.
mouth of the crucible was located about 1 cm from the droplet beam to reduce the
background blackbody load on the bolometer detector. After passing by the mouth of
the crucible, the droplet beam passed through a diﬀerentially pumped gas pick-up cell
containing HCN. The pressure in the HCN gas cell was adjusted to optimize the HCN
monomer signal. At ﬁrst, to optimize the pick up of one Ca (Sr) atom, we raised the
temperature of the oven such that the HCN monomer signal intensity was reduced by 40
%, corresponding to a 480 (450)◦C oven temperature.
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Figure 10.4: Expanded view of the (HCN)n-(Ca)m pendular spectrum in the vicinity of
the HCN-Ca band at 3295.50 cm−1. The spectrum was recorded with oven conditions
corresponding to the formation of larger Ca clusters. The average droplet size produced
was approximately 12000 helium atoms.
The pendular state spectrum shown in Figure 10.3 was recorded with the calcium
oven at ∼ 500◦C. The droplet source conditions produced an average droplet size ap-
proximately equal to 10000 He atoms. The spectrum covers the entire HCN free C-H
stretching region, all the way down to the bonded stretch of the HCN dimer located
around 3237 cm−1. There are several sharp peaks that can be assigned to (HCN)n-(Ca)m
clusters, and the band at 3295.50 cm−1 (labeled HCN-Ca) is preliminarily assigned to
the binary HCN-Ca complex, given the oven temperature and pick up cell (PUC) pres-
sure dependence of the signal. Figure 10.4 shows an expanded view of the (HCN)n-(Ca)m
pendular spectrum in the region near the band assigned to the binary complex. At higher
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oven temperatures and on average larger droplets, many new peaks appear that can be
attributed to higher order clusters with m ≥ 2, as discussed below.
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Figure 10.5: Zero-ﬁeld spectrum of the C-H stretching band of the HCN-Ca binary
complex. Experimental conditions were set to optimize the formation of the HCN-Ca
species (oven temperature ∼ 480 ◦C). The source conditions (50 bar, 13.5 K) were set
to produce the largest possible droplets (N¯ = 17000) to reduce the intensity of the
unresolved component.
We now turn our attention to the zero-ﬁeld spectrum of the band centered at 3295.50
cm−1. With the pendular ﬁeld on, the PUC pressure and oven temperature was adjusted
to optimize the signal intensity. It is interesting to note that the band at 3295.50 cm−1
was optimized at source conditions (13.5 K nozzle temperature) that produced the largest
possible droplets, a point that will be discussed in more detail in Chapter 11. Turning
oﬀ the ﬁeld, the zero-ﬁeld spectrum in Figure 10.5 was recorded. In comparison to the
HCN-Mg and HCN-Na spectra, plotted together in Figure 9.9, the HCN-Ca zero-ﬁeld
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spectrum appears to have both rotationally resolved and unresolved components. The
spectrum was ﬁtted to two linear rotor expressions with separate rotational constants,
and the resulting constants are summarized in Table 10.1.
The vibrational band origins of the two simulated spectra (shown as the smooth red
line in Figure 10.5) are diﬀerent, and the unresolved spectrum is shifted to the blue of the
resolved spectrum by about 0.03 cm−1 (1 GHz). The rotationally resolved spectrum has
a B′′ rotational constant that has been reduced by a factor of 2.2 in comparison to the
HCN-Ca CCSD(T) value. This Bab inito/BHe ratio is reminiscent of the ratio reported for
HCN-Mg [272] and other ro-vibrational spectra of solvated rotors [17, 18]. As discussed
previously, the added moment of inertia (∼ 255 amu-Å2) originates from a normal ﬂuid
component of the helium density rotating rigidly with the solvated complex. Along
with the PUC pressure and oven temperature dependence of the signal, the Bab inito/BHe
ratio provides considerable support to the assignment of the 3295.50 cm−1 band to the
solvated HCN-Ca species. Assuming the unresolved spectrum can also be attributed
to HCN-Ca, the moment of inertia is enhanced by 3.90 x 104 amu-Å2, similar to the
measured enhancements for the surface bound HCN-alkali complexes. Consequently,
we assign the unresolved band centered at 3295.53 cm−1 to a surface bound species.
It is interesting to note that the 1 GHz blue shift of the unresolved band relative to
the resolved band supports the assignment of the former to the surface bound species
and the latter to the solvated species. Indeed, a surface bound species would be in a
distinctly diﬀerent solvation environment. At the surface, less helium will contribute to
the long range attractive part of the helium-dopant potential, ie. the part of the potential
responsible for the solvent red shift (see Chapter 4). As a result, we expect a blue shift
of the surface bound spectrum relative to the solvated spectrum. This eﬀect was also
observed, although to a lesser extent, for the HCN-alkali spectra upon application of the
Stark ﬁeld. Forcing the HCN-alkali complexes parallel to the surface resulted in a small
blue shift of the spectrum.
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Figure 10.6: Evolution of the spectrum of the C-H stretch of the HCN-Ca complex
with increasing Stark ﬁeld strength. The nozzle conditions were ﬁxed at 60 bar, 18.0 K
(N¯ = 7200) and the Stark ﬁeld was increased as shown in the legend (increasing ﬁeld
from bottom to top). As the pendular regime is approached, two separate pendular peaks
appear that are shifted from each other by approximately 1 GHz.
The assignment of both the unresolved and resolved bands in Figure 10.5 to the
HCN-Ca complex is motivated by the fact that both bands have exactly the same Ca
oven and HCN pressure dependence, within the experimental uncertainty. However,
measuring the dipole moments of the two bands will provide convincing support to the
assignment, provided the dipole moments are the same. The evolution of the two bands
with increasing Stark ﬁeld is shown in Figure 10.6. As the Stark ﬁeld increases and
the pendular regime is approached, two pendular bands appear shifted by 0.03 cm−1
(1 GHz). The weaker blue shifted pendular band corresponds to the unresolved band.
We also ﬁnd that turning the Stark ﬁeld on results in an additional reduction in the
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Figure 10.7: Experimental and simulated Stark spectra of the HCN-Ca complex for an
electric ﬁeld strength of 2.75 kV/cm. (N¯ = 7200)
rotational constant of the unresolved band, as observed for the HCN-X (X = Na, K, Rb,
Cs) spectra. In Figure 10.7, we compare the Stark spectrum recorded at 2.75 kV/cm to
a summation (smooth red line) of two simulated linear molecule Stark spectra. In the
simulation, both µ′′ dipole moments were set to 6.9 Debye. The rotational constants in
the Stark simulation were those obtained from the zero-ﬁeld ﬁt of the resolved band and
those required to simulate the unresolved band measured at 645 V/cm (see Table 10.1).
The agreement between the experimental and simulated spectra is reasonable, and
the experimental dipole moment is in excellent agreement with the MP2 value, providing
considerable support to the assignment of both bands to the HCN-Ca binary complex.
As a result, we propose, and deﬁnitively conﬁrm later (Chapter 11), that two distinct
populations result upon complex formation; one population consists of solvated species,
220
and the other corresponds to surface bound species. We conclude this section by noting
that the relative intensities of the two pendular bands are strongly droplet size dependent.
In fact, the solvated pendular band disappears entirely for the smaller droplet sizes.
In comparison, the surface bound pendular band persists down to the smallest average
size (N¯ < 800), while the band intensity diminishes for the larger sizes. A discussion
of the origin of the two distinct populations is discussed in the following chapter, along
with a proposed mechanism that accounts for the size dependent intensity.
10.4 Zero-Field and Stark spectra of the HCN-Sr bi-
nary complex
The pendular state spectrum of the (HCN)n-(Sr)m complexes was recorded with the
Sr oven temperature set to 475 ◦C. The most intense peak in the spectrum (3296.01
cm−1), shown in Figure 10.8, is assigned to the ν1 C-H stretch band of the binary HCN-
Sr complex. The assignment is again justiﬁed by the PUC pressure and oven temperature
dependence of the signal intensity, along with the frequency shift from the HCNmonomer,
which is within 0.51 cm−1 of the HCN-Ca shift. The other intense band around 3305.2
cm−1 is assigned to the free C-H stretch of the (HCN)2-Sr linear complex. There are also
other features in the spectrum that grow in intensity with increasing oven temperature
and droplet size, and some of these bands, assigned to (HCN)n-(Sr)m clusters, will be
discussed below.
The HCN-Sr ν1, C-H stretch spectrum is shown in Figure 10.9, measured at various
ﬁeld strengths. It is immediately clear that the spectrum is characteristic of a surface
bound species, having a large eﬀective moment of inertia, that is again strongly correlated
with the droplet size (see Figure 10.10). Additionally, the rotational constant is reduced,
and the spectrum shifts slightly to the blue upon application of the Stark ﬁeld. The
rotational constants for both the zero ﬁeld and 480 V/cm Stark spectra are plotted
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Figure 10.8: Pendular state spectrum of the (HCN)n-(Sr)m complexes. The band at
3296.01 cm−1 corresponds to the free C-H stretch of the HCN-Sr complex.
against the mean droplet size in Figure 10.11. The trends are once again consistent with
the analysis presented in Section 9.4, i.e. surface bound rotation about an axis through
approximately the center of the droplet.
The rotational constants and dipole moments obtained from simulations of the zero-
ﬁeld and Stark spectra are summarized in Table 10.1 (N¯ = 13000). Once again, the dipole
moment is in excellent agreement with the ab initio MP2 value, providing additional
support to the assignment. Unlike the HCN-Ca spectrum, there is no evidence for a
solvated species; that is, there is no rotationally resolved component to the HCN-
Sr spectrum, regardless of the average droplet size. It is perhaps surprising that no
HCN-Sr solvated population is observed, especially considering the well-depths of the
CCSD(T) Ca-He and Sr-He pair potentials are quite similar (ε =3.14 and 2.77 cm−1,
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Figure 10.9: Evolution of the C-H stretch spectrum of the HCN-Sr complex with increas-
ing Stark ﬁeld strength. The nozzle conditions were ﬁxed at 50 bar, 16.0 K (N¯ = 9700)
and the Stark ﬁeld was increased as shown in the legend (increasing ﬁeld from bottom
to top).
respectively [262]). The equilibrium X-He bond lengths at the same level of theory are
6.04 and 6.44 Å for Ca-He and Sr-He.1 Presumably, the subtle diﬀerences in the pair
potentials are indeed important in determining the location of the complex. Perhaps,
the most important factor is the equilibrium bond length, which will determine the size
of the cavity produced by the solvated complex. The slightly larger cavity required by
the HCN-Sr complex is apparently too much of an energetic penalty; as a result, HCN-Sr
solvation is precluded.
1We have shown that the small decrease in the interaction energy and increase in the Sr-He bond
length exists for the He-X-NCH (X=Ca,Sr) complexes, although our calculations are at lower levels of
theory (MP2) with smaller basis sets, which likely do not accurately determine the He-X interactions.
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Figure 10.10: Droplet size dependence of the zero-ﬁeld (top) and Stark (bottom) spectra
of HCN-Sr. The Stark spectra were obtained with a ﬁeld strength equal to 428 V/cm.
The average droplet size increases from top to bottom of each set of spectra.
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Figure 10.11: Variation of the HCN-Sr rotational constant with average droplet size.
The rotational constants are systematically smaller for the 428 V/cm Stark spectra in
comparison to the zero-ﬁeld spectra. The smooth lines are ﬁts of each data set to the
functional forms discussed in section 9.4. B(N¯) = 5.0539∗105
M∗2.222(N¯−a)2/3+b .
10.5 Higher Order HCN-(X)m Clusters (X=Ca, Sr)
As mentioned above, the HCN-Ca/Sr pendular spectra have other bands that grow
in intensity at higher oven temperatures. Many of these peaks can be assigned to higher
order HCN-(X)m clusters simply by noting the oven conditions required to optimize the
signal intensity of each band. However, we carried out a more extensive analysis of the
ab initio and experimental rotational constants and dipole moments in order to obtain
assignments for some of the spectra. This was especially important, given that the
experimental complexation induced frequency shifts are relatively similar for many of
the bands, and comparisons to ab initio frequency shifts are therefore problematic. For
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example, Figure 10.4 shows a relatively narrow frequency range of the HCN-Ca pendular
spectrum that contains many bands assigned to higher order clusters. The inset of the
ﬁgure shows the two pendular bands of the HCN-Ca binary complex, along with a band
from a higher order HCN-(Ca)m cluster that grows in between the two HCN-Ca peaks
at oven temperatures around ∼ 540◦C. We also note that the pendular survey scan in
Figure 10.3 shows other smaller peaks to the red of the frequency region shown in Figure
10.4. We will exclude the two bands at 3276.24 and 3288.26 cm−1 from the following
discussion, since they require higher HCN pressures and are therefore determined to be
associated with (HCN)n-(Ca)m clusters.
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Figure 10.12: Evolution of the HCN-(Ca)m spectrum centered at 3271.59 cm−1 with
increasing Stark ﬁeld. The nozzle conditions were ﬁxed at 50 bar, 16.0 K (N¯ = 9700)
and the Stark ﬁeld was increased as shown in the legend (increasing ﬁeld from bottom
to top).
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Unlike the analogous HCN-(Mg)m pendular spectrum, measured previously in our
laboratory [134, 273], we do not observe a systematic red-shift in the C-H stretching
frequency with increasing m (up to m=6). Instead, from the HCN PUC pressure de-
pendence, we ﬁnd all of the (HCN)1-(Ca)m bands to fall in the spectral region in Figure
10.4. However, there is one exception. The most intense band in the pendular spectrum
(see Figure 10.3) is red shifted to 3271.59 cm−1. Once again, the HCN PUC and oven
temperature dependence establishes the assignment of the band to an (HCN)1-(Ca)m
complex (m > 1). It is interesting to note that the 3271.59 cm−1 band has a line width
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Figure 10.13: Comparison of the simulated and experimental zero-ﬁeld and 6.42 kV/cm
Stark spectra of the HCN-(Ca)m band centered at 3271.59 cm−1.
that is four times as broad as the bands near 3295 cm−1. The broad line width, enhanced
intensity, and large complexation induced red-shift are indicative of a hydrogen bonded
C-H stretch. Varying the Stark ﬁeld strength, we measured the series of spectra shown
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in Figure 10.12. Simulations of the zero-ﬁeld and 6.42 kV/cm Stark spectra are shown
as the smooth lines below the experimental spectra in Figure 10.13, and the associated
rotational constants and dipole moments are summarized in Table 10.2.
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Figure 10.14: Comparison of the simulated and experimental zero-ﬁeld and 1.28 kV/cm
Stark spectra of the HCN-(Ca)m band centered at 3296.10 cm−1.
The overall contour of the zero-ﬁeld spectrum is quite similar to the HCN-alkali,Sr
and unresolved HCN-Ca spectra; however, the measured rotational constant is 13 times
larger than for the surface bound HCN-Ca species, corresponding to a 3.6 x 104 amu-
Å2 smaller eﬀective moment of inertia. This is despite the fact that the spectrum at
3271.59 cm−1 corresponds to a larger cluster. In addition, no change is observed in the
magnitude of the rotational constant when a Stark ﬁeld is applied. There is also no
correlation between the rotational constants and the mean droplet size. Certainly, the
spectral signatures of a surface bound species are absent here, suggesting that the HCN-
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(Ca)m complex is solvated. Two other bands were also measured at higher resolution,
3294.4 3294.6 3294.8
-60
-30
0
30
60
90
 
 
 
S i
g n
a l
 
( a .
u
.
)
µ = 8.2(1) Debye 1.55 kV/cm
0 kV/cm
Wavenumber (cm-1)
Figure 10.15: Comparison of the simulated and experimental zero-ﬁeld and 1.55 kV/cm
Stark spectra of the HCN-(Ca)m band centered at 3294.54 cm−1.
corresponding to the pendular bands centered at 3296.10 cm−1 and 3294.54 cm−1. Both
bands were also strongly dependent on the oven temperature, both rapidly diminishing in
intensity above and below ∼ 540◦C. Figure 10.14 shows the zero-ﬁeld and Stark spectra of
the band centered at 3296.10 cm−1. The zero-ﬁeld band is rotationally resolved, allowing
an accurate determination of the rotational constants and dipole moment. The smooth
lines in the ﬁgure are simulated zero-ﬁeld and 1.28 kV/cm Stark spectra of a symmetric
top molecule with the constants reported in Table 10.2. The rotational constants are
certainly indicative of a solvated rotor. Consequently, we conclude that the formation of
HCN-(Ca)m clusters with (m > 1) primarily leads to solvated states. Given that we lack
a probe of the bare Ca cluster, we are unable to determine if either HCN complexation
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HCN-Can HCN-Srn
ν0 3296.10 3294.54 3271.59 3296.40 3273.92
A′′ 0.0398 0.0318 · · · 0.0109 0.0407
A′ 0.0400 0.0320 · · · 0.0109 0.0409
B′′ 0.00971 0.00822 0.00561 0.00691 0.00390
B′ 0.00970 0.00820 0.00569 0.00692 0.00389
C ′′ 0.00971 0.00822 · · · 0.00691 0.00390
C ′ 0.00970 0.00820 · · · 0.00692 0.00389
D′′ 3.4 x 10−6 7.0 x 10−7 3.1 x 10−5 2.3 x 10−7 5.0 x 10−7
D′ 3.4 x 10−6 7.0 x 10−7 3.3 x 10−5 9.3 x 10−7 5.0 x 10−7
Γ 0.008 0.0065 0.035 0.013 0.026
T (K) 0.37 0.37 0.37 0.37 0.37
µ′′(D) 6.7(1) 8.2(1) 9.5(5) 6.0(1) 10.7(9)
µ′′(D) 6.7(1) 8.2(1) 8.5(5) 6.0(1) 10.7(9)
Toven(◦C) 541 532 535 485 490
Table 10.2: Summary of the experimental constants used in the simulations of the HCN-
Xm (X=Ca, Sr) spectra. Toven(◦C) corresponds to the oven temperature that optimized
the pendular peak intensity, and the error bar is ±5◦C. In comparison the HCN-Ca band
at 3295.50 cm−1 and the HCN-Sr band at 3296.02 cm−1 were optimized at 490 and 455◦C,
respectively. Units are in cm−1 unless otherwise speciﬁed.
leads to solvation or if the (Ca)m cluster is solvated prior to HCN pick-up. It is important
to note that the free C-H stretch of the HCN-CO2 complex has been measured by the
author, also having a pendular peak intensity at 3296.10 cm−1. However, the zero-ﬁeld
spectrum is considerably diﬀerent than the one reported here, and we are conﬁdent that
we are not introducing CO2 contamination into the beam.
Figure 10.15 shows the experimental and simulated spectra of the band centered at
3294.54 cm−1. The zero-ﬁeld and 1.55 kV/cm Stark spectra are once again rotationally
resolved. The symmetric top simulations were generated with the constants in Table 10.2.
The small peaks that are visible in the Stark spectrum are from even larger clusters,
which presumably require even larger droplets or higher oven temperatures for signal
optimization. Unfortunately, as shown at the bottom of Table 10.2, all three of the
(HCN)1-(Ca)m (m > 1) bands discussed above have optimum signal intensities at about
the same oven temperature, namely∼ 540◦C. However, the rotational constants, although
modiﬁed by the helium, and the dipole moments vary enough that we can at least attempt
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to assign the spectra based on comparisons to ab initio calculations.
The ab initio constants (MP2 / aug-cc-pVTZ, H,C,N / Stuttgart RSC 1997 ECP,
Ca) for many of the HCN-(Ca)m converged geometries are summarized in Table 10.3.
Harmonic frequency calculations were carried out for each converged geometry to ver-
ify if either the structure represents a true energy minimum or a transition state. The
converged structures corresponding to transition states have one or more imaginary vi-
brational frequencies, indicated in the table. Unfortunately, the MP2 calculations gave
only three true minima with m ≥ 2, although a thorough search of the HCN-(Ca)4
potential surface was not conducted. Two of the minima are the linear HCN-Ca-Ca
and Ca-Ca-HCN isomers, and the third is the C2h NCH-(Ca)3 complex with the HCN
molecule hydrogen bonded to the bridging site of the Ca cluster.
Recall that the band centered at 3271.59 cm−1 had an intensity, line width, and
complex frequency shift characteristic of a hydrogen bonded C-H stretching vibration.
Therefore, it would be reasonable to assign the band at 3271.59 cm−1 to either of the
two calculated hydrogen bonded species, corresponding to true minima, ie. NCH-Ca-Ca
or NCH-(Ca)3. However, neither the experimental dipole moment (µ′′ = 9.5D) nor the
rotational constants match the ab initio values, assuming the rotational constants in he-
lium are reduced by about a factor of three from the isolated values. It is interesting to
note that the small Q branch (Figure 10.13) requires too large of an A′′ constant for the
complex to be the C2h NCH-(Ca)3 structure, with HCN bound to the bridging site of Ca3.
It is certainly possible that the complex is linear, and the Q branch is simply induced by
the helium rotation about the principal axis, as discussed in Section 7.2.1. Nevertheless,
the MP2 dipole moment is too small for the band to be assigned to the NCH-Ca-Ca
complex. In addition, the experimental frequency shift and intensity enhancement are
inconsistent with an assignment to the HCN-Ca-Ca linear isomer, even though the ab
initio µ′′ and B′′ constants are in reasonable agreement with the experimental values.
Therefore, we can not deﬁnitively provide an assignment for the band at 3271.59 cm−1
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HCN-(Ca)m
m 1 1 2 2 3
ν0 (cm−1) 3466.71 3468.53 3464.64 3458.05 3388.99
I (km/mol) 129 343 182 597 403
µMP2 (D) 6.86 4.02 8.34 4.78 4.58
A′′ (cm−1) · · · · · · · · · · · · 0.0506
B′′ (cm−1) 0.0883 0.0345 0.0161 0.0106 0.0144
C ′′ (cm−1) · · · · · · · · · · · · 0.0112
Symmetry C∞V C∞V C∞V C∞V C2h
m 3 3 3 3 2
ν0 (cm−1) 2 img. 2 img. 1 img. 1 img. 1 img.
I (km/mol) 147 193 139 187 154
µMP2 (D) 4.11 4.50 4.92 9.00 4.76
A′′ (cm−1) 0.0256 0.0306 0.0500 0.0518 0.0682
B′′ (cm−1) 0.0232 0.0306 0.0171 0.0160 0.0455
C ′′ (cm−1) 0.0232 0.0271 0.0127 0.0122 0.0273
Symmetry C3v C3v C2h C2h C2v
Table 10.3: Summary of the ab initio constants obtained for the HCN-(Ca)m complexes.
The constants were obtained at the MP2 level of theory (full electron correlation) using
an aug-cc-pVTZ basis set for HCN and the Stuttgart RSC 1997 Eﬀective Core Potential
on Ca. For the ECP, 10 valence electrons were correlated, and the remaining electrons
were in the core.
without a more extensive search of the HCN-(Ca)m potential surface. Additionally, nei-
ther of the two bands centered at 3294.54 and 3296.10 cm−1 can be assigned to any of
the three calculated minimum energy structures with m ≥ 1. It is unlikely that the error
in the MP2 rotational constants and dipole moments could be large enough to account
for the discrepancy. Therefore, it is unlikely that any of the three HCN-(Ca)m bands
presented above correspond to the ab initio structures that have been obtained thus far.
A more thorough search for other minima on HCN-(Ca)m potential energy surfaces is
required and currently underway.
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Figure 10.16: Comparison of the simulated and experimental zero-ﬁeld and 1.92 kV/cm
Stark spectra of the HCN-(Sr)m band centered at 3296.40 cm−1. The zero-ﬁeld spectrum
was simulated using a symmetric top Hamiltonian, shown as the smooth maroon curve.
A dipole moment of 6.0 Debye was used to simulate the Stark spectrum, shown as the
smooth blue curve. The spectrum of the HCN-Sr binary complex is also shown shifted to
the blue (3296.01 cm−1), illustrating the diﬀerence in the rotational constants between
the binary complex and the heavier HCN-(Sr)m species.
As discussed above, we also observed many additional bands in the (HCN)n-(Sr)m
pendular spectrum that can be attributed to higher order clusters. In fact, both the
(HCN)n-(Sr)m and the (HCN)n-(Ca)m pendular spectra have essentially the same features
with most of the bands in one spectrum being shifted only by a small amount from those
in the other. Two of the analogous spectra are shown for the (HCN)1-(Sr)m species in
order to reinforce the previous discussion of the solute position relative to the droplet
center. The spectra in Figure 10.16 correspond to the zero-ﬁeld and 1.92 kV/cm Stark
spectra of the pendular band centered at 3296.40 cm−1. As a result of the HCN PUC
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pressure and oven temperature signal dependence, we conﬁdently assign the band to an
(HCN)1-(Sr)m complex. The constants used to simulate the symmetric top spectra, shown
as smooth lines in the ﬁgure, are summarized in Table 10.2. Also shown in Figure 10.16
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Figure 10.17: Evolution of the HCN-(Sr)m spectrum centered at 3273.92 cm−1 with
increasing Stark ﬁeld. The nozzle conditions were ﬁxed at 50 bar, 19.0 K (N¯ = 4700)
and the Stark ﬁeld was increased as shown in the legend (increasing ﬁeld from bottom
to top).
for comparison are the zero-ﬁeld and Stark spectra of the HCN-Sr surface bound binary
complex. The two bands were recorded with a single laser scan with oven conditions that
optimized the band at 3296.40 cm−1. Clearly, the HCN-Sr band is much weaker than
the band to the blue at the higher oven temperature, namely 485 ◦C. In comparison,
the intensity of the HCN-Sr band was maximized with the Sr oven at 455◦C. The two
spectra are also shown together in the ﬁgure to illustrate the diﬀerence in the rotational
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constants. Comparable to the higher order HCN-(Ca)m spectra, the band assigned to the
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Figure 10.18: Comparison of the simulated and experimental zero-ﬁeld and 9.72 kV/cm
Stark spectra of the HCN-(Sr)m band centered at 3273.92 cm−1. The zero-ﬁeld spectrum
was simulated using a symmetric top Hamiltonian, shown as the smooth red curve.
HCN-(Sr)m complex has the spectral signatures of a solvated complex; that is, the band
is rotationally resolved with a moment of inertia that does not change when the external
Stark ﬁeld is applied. Although the binary complex is bound to the droplet surface, the
complexation of an HCN molecule with a preformed (Sr)m cluster results in a solvated
dopant.
We also found an intense, broad band in the (HCN)n-(Sr)m pendular spectrum that
was shifted to 3273.92 cm−1, shifted 2.3 cm−1 to the blue of the comparable HCN-(Ca)m
band at 3271.59 cm−1. The Stark ﬁeld dependence of the band is shown in Figure 10.17,
again showing the spectral signatures of a solvated complex. Simulations and the resulting
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Figure 10.19: Droplet size dependence of the HCN-(Sr)m band centered at 3273.92 cm−1.
While there is very little change in the B  rotational constant with droplet size, the
intensity of the Q-branch increases with increasing droplet size.
constants are shown in Figure 10.18 and Table 10.2, respectively. The Q-branch observed
here almost certainly arises from a helium induced moment of inertia about the A axis of
the complex, since the Q-branch intensity is strongly droplet size dependent. This droplet
size eﬀect was observed previously for the linear Cyanoacetylene dimer [80], and the Q-
branch variation is shown in Figure 10.19. Again, there is no droplet size dependence
of the (B + C)′′/2 constant, which provides additional support to the assignment to a
solvated complex. Given the similarity between the HCN-(Ca)m and HCN-(Sr)m complex
frequency shifts, it is likely that the helium solvated HCN-(X)m structures have the same
symmetry. Therefore, once the ab initio calculations required to assign the HCN-(Ca)m
spectra are available, the assignment of the analogous HCN-(Sr)m spectra should be
236
straightforward.
10.6 Summary
The binary HCN-X (X=Ca, Sr) complexes were formed on the surface of helium
nanodroplets, and the rotational dynamics were probed with infrared laser spectroscopy.
For the HCN-Sr moiety, the spectral signatures of a surface bound complex were observed,
reminiscent of the ν1 fundamental spectra of the HCN-X complexes, where X is an alkali
atom. Solvation necessarily requires a cavity to form in the liquid around the solute,
which results in an increase in the free energy. If the free energy decrease due to the
attractive solute-solvent interaction does not compensate for the increase, then the solute
will remain on the surface of the droplet, in a dimple site. Apparently, the energetic
penalty is too large for HCN-Sr solvation to occur, in analogy to the HCN-alkali complexes
discussed in Chapter 9. As for the HCN-Ca complex, the ν1 fundamental spectrum is
characteristic of both a solvated and surface bound species. The spectrum has both a
rotationally resolved component, corresponding to the solvated species, and an unresolved
component. In addition there is a small (1 GHz) frequency diﬀerence between the two
band origins, as a result of the diﬀerent solvent environments. The unresolved component
has the spectral characteristics observed for the HCN-alkali complexes and is attributed
to the surface bound species. Presumably, the interaction between the HCN-Ca solute
and the helium solvent is favorable enough such that solvation can occur; although, we
are observing the transition regime, where a fraction of the complex formation events do
not lead to solvation. As we will prove in the following chapter, the HCN-Ca spectrum
suggests that the solvated and surface bound species represent two distinct populations.
It is however not yet clear what causes the two populations to exist simultaneously. As
discussed before (see Section 2.1), there is a distribution of droplet sizes in the droplet
beam, and if the size of the droplet is important in determining which state the complex
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occupies (solvated or surface), then both should be observed, the ratio being strongly
dependent on the helium nozzle temperature. We revisit this conjecture in the following
chapter.
We also measured the rotational constants and dipole moments of several HCN-(X)m
complexes. The moments of inertia were approximately 10 times smaller than those
measured for the surface bound species, suggesting that the solvated state is energetically
favored upon addition of metal atoms to the complex. This is reasonable, given the cavity
surface area per metal atom decreases as the cluster grows. As a result, the free energy
penalty upon solvation per metal atom decreases as the cluster grows, while the attractive
part of the He-dopant potential may increase, resulting in a solvated cluster.
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Chapter 11
IR-IR Double Resonance Spectroscopy
of the HCN-Ca and HCN-Sr
Complexes: Spectroscopic Probes of
the Solvent-Solute Potential
IR-IR double resonance spectroscopy is used to probe the vibrational dynamics of
HCN-Ca and HCN-Sr embedded in, or bound to helium droplets. The upstream pump
is ﬁxed to the pendular peak frequency of either the HCN-Ca surface bound or solvated
species, and the downstream probe laser is scanned over both to determine the result
of the upstream excitation. The results provide important clues regarding the dopant-
droplet potential.
11.1 Introduction
In the previous chapter, we discussed the ν1 fundamental infrared spectra of the
nitrogen bound HCN-Ca and HCN-Sr binary complexes. While the HCN-Sr complex was
determined to be surface bound, spectral signatures of both surface bound and solvated
states were observed in the HCN-Ca spectrum. The rotationally resolved component of
the HCN-Ca spectrum was assigned to a solvated species, while the unresolved component
was assigned to the surface bound species. Presumably, the components arise from two
distinct populations in the droplet beam; that is, each complexation event leads to either
a surface bound or solvated state. Assuming the two bands arise from distinctly diﬀerent
populations, the statistical distribution of droplet sizes could provide a mechanism for
producing the two states. For example, if a certain size droplet is required in order
to produce the solvated state, a fraction of the droplets in the beam will be below the
size threshold, resulting in surface bound HCN-Ca species. If the above conjecture is
accurate, then the ratio of solvated to surface bound species will depend strongly on
the droplet size distribution produced. Fortunately, we can control the average droplet
size by simply changing the nozzle temperature, and the averages and half-widths of the
resulting log-normal distributions are well known (see Section 2.1). Additionally, we can
determine the ratio of the two species by comparing the integrated intensities of the well
resolved pendular bands.
Figure 11.1 shows the two HCN-Ca pendular bands for a wide range of source con-
ditions (N¯ = 1000 − 17000). As indicated at the top of the ﬁgure, the band to the red
is the pendular band corresponding to the rotationally resolved zero-ﬁeld band, assigned
to the solvated HCN-Ca species. The pendular band to the blue corresponds to the un-
resolved zero-ﬁeld band, assigned to the surface bound species. It is immediately clear
that the the ratio of the integrated intensities depends strongly on the average droplet
size. As the droplet size decreases, the population of solvated species diminishes while
an increase is observed in the surface bound population. Interestingly, there is at least
some pendular intensity for the surface bound species over the entire range of droplets,
while at the smallest average sizes, there is no evidence of a solvated population. A plot
of the intensity ratio (solvated:surface) is given in Figure 11.2. Assuming the C-H stretch
oscillator strengths are the same for both species, the average droplet size corresponding
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Figure 11.1: Evolution of the pendular state spectrum of the HCN-Ca complex as the
mean droplet size is varied. The droplet size range is from 1000 (bottom) to 17000 (top)
helium atoms. The two pendular peaks are separated by approximately 1 GHz, and their
relative intensities are strongly correlated with the droplet size. Notice that both bands
are inhomogeneously broadened with tails to the blue, characteristic of the droplet size
distribution induced broadening discussed in Chapter 4.
to a one to one ratio is approximately N¯ = 4700. The probability that a droplet of size
N contains one Ca atom and one HCN molecule is deﬁned as,
Pocc(N) = PLN(N) ∗ PCa(N) ∗ PHCN(N)
where PLN(N) is the log-normal distribution of droplet sizes produced for a particular
nozzle temperature, and PCa(N)*PHCN(N) is the probability that a droplet of size N
picks up exactly one Ca atom and one HCN molecule, taking into account the helium
loss that occurs after each pick-up event. The threshold for HCN-Ca solvation is deﬁned
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Figure 11.2: Variation of the ratio of the HCN-Ca pendular peak intensities as a function
of droplet size. The integrated intensity of the peak to the red is divided by the blue
shifted integrated intensity. The ratio of intensities is approximately 1 at a mean droplet
size equal to 4700 helium atoms.
as the value of N that satisﬁes the following relation for all source conditions used in
Figure 11.1: ∫∞
N
Pocc(N)dN∫ N
0
Pocc(N)dN
=
I(solv)
I(surf)
. (11.1)
Equation 11.1 is satisﬁed for N = 5000±250. The value provided by the above statistical
analysis is in excellent agreement with the mean droplet size that produces the one to
one pendular intensity ratio.
It is also interesting to note that the two pendular bands in Figure 11.1 have diﬀer-
ent line widths. The asymmetric line width with a tail to the blue is characteristic of
inhomogeneous broadening due to the droplet size distribution. As discussed in Chapter
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4, the broadening is larger for the smaller average droplet sizes. Along with the blue
shift discussed in the previous chapter, the broader line width is consistent with the sur-
face bound HCN-Ca being on smaller droplets on average, in comparison to the solvated
species. Clearly, the results presented here are strongly supportive of the proposed origin
of the two populations; that is, above a certain size threshold (N > 5000), pick up and
complexation of HCN and Ca results in a solvated species.
In Chapters 6, 7, and 8, the IR-IR double resonance (DR) technique was used to probe
the photo-induced isomerization dynamics of weakly bound complexes, due to vibrational
excitation. Systems with two isomers were chosen such that the infrared photon energy
(∼ 3200−3900 cm−1) was larger than the barrier to isomerization on the potential surface.
Indeed, vibrational excitation lead to isomerization, which was observed as a shift in the
downstream isomer populations. The focus of the current chapter is on the vibrational
dynamics of the HCN-Ca and HCN-Sr complexes. Since two distinct populations are
observed for the HCN-Ca complex, either solvated or surface bound, we use IR-IR DR
spectroscopy to determine the fate of one population following the absorption of the ﬁrst
infrared photon.
One possible scenario involves vibrational excitation of the solvated HCN-Ca popula-
tion. Vibrational relaxation of the excited solvated species will result in the evaporation of
∼ 600 helium atoms. Since the surface bound species is favored in the smaller droplets,
the decrease in the droplet size may lead to an increase in the surface bound species,
which can be probed downstream with the second infrared laser. Given the above size
dependence, we expect to observe population transfer to the surface state only when the
initial droplet size is within ∼ 600 helium atoms of the threshold value discussed above.
For the largest droplet sizes (far above the threshold value), it is reasonable to suspect
that the evaporation of ∼ 600 helium atoms will have no eﬀect on the downstream pop-
ulation distribution. In addition, if the average droplet size is below the threshold value,
we do not expect to see an enhanced solvated population, following vibrational excitation
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of the surface bound species. In fact, since the surface bound species correspond to the
droplets in the distribution below ∼ 5000 helium atoms, it is reasonable to suspect that
vibrational excitation followed by helium evaporation would never lead to an increased
solvated population.
11.2 Results
Figure 11.3 shows the IR-IR DR spectra that correspond to pumping the solvated
HCN-Ca C-H stretch vibration. The DR spectra were recorded for a broad range of
droplet sizes, decreasing from top to bottom in the ﬁgure. The upstream pump was ﬁxed
in frequency to the peak of the solvated HCN-Ca pendular band at each droplet size, and
the downstream probe laser was scanned over the entire region. The double resonance
spectrum has three features that we can immediately assign based on our previous discus-
sions in Chapters 4 and 6. The negative DR signal (hole) corresponds to the reduction in
the upstream pumped population of HCN-Ca solvated complexes. Shifted to the blue of
the hole by approximately 150 MHz is a small positive DR signal (pile1) that corresponds
to the upstream pumped population that remains solvated downstream after vibrational
relaxation. Approximately 600 helium atoms must evaporate from the droplet surface
to cool the excited vibrational energy, leading to a smaller droplet size downstream and
hence a slightly blue shifted spectrum for the solvated species (see Chapter 4). Blue
shifted even further from the hole (∼ 1 GHz) is another positive DR signal (pile2), which
is at the frequency of the surface bound HCN-Ca ν1 pendular band.
Clearly, vibrational excitation of the solvated species results in a population transfer
to the surface bound species, reminiscent of the photo-induced isomerization observed
before. However, it is perhaps surprising that we observe an increase in the downstream
surface bound population regardless of the initial average droplet size. As argued above,
initially we expected to observe no population transfer between the solvated and surface
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Figure 11.3: IR-IR double resonance spectroscopy of the HCN-Ca complex. The pump
laser was ﬁxed to the peak of solvated species' pendular band, while the probe laser
was scanned over the entire region. The mean droplet size is decreased from top to
bottom with a range of approximately 17000 to 2000 helium atoms. The dynamic range
of droplet sizes is limited by the lowest possible nozzle temperature (∼ 13.0 K) and the
highest nozzle temperature that gave suﬃcient pump signal (∼ 25.0 K).
bound species for the largest droplets. One might argue that we see population transfer
to the surface bound species for all source conditions due to the droplet size distribution,
having a fraction of droplet sizes just above the solvation threshold. However, as discussed
in Chapter 4, the sharp HCN-Ca line is inhomogeneously broadened as a result of the
spread in droplet sizes. As a result, the upstream pump burns a hole in the inhomogeneous
proﬁle, selecting out a slice of the overall size distribution. Indeed, the width of the DR
hole is narrower than the overall width of the inhomogeneously broadened pendular band.
Since the pump is ﬁxed to the peak of the pendular band, we estimate that the pumped
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complexes reside in droplet sizes centered around approximately 1.166 ∗ N¯ (see Section
4.3). Therefore, population transfer from solvated to surface states must occur in droplets
well above the threshold value discussed above, given that we see signiﬁcant population
transfer even when 1.166 ∗ N¯ = 20000 (top spectrum in Figure 11.3).
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Figure 11.4: IR-IR double resonance spectroscopy of the HCN-Ca complex. The pump
laser was ﬁxed to the peak of surface bound species' pendular band, while the probe
laser was scanned over the entire region. The mean droplet size is decreased from top to
bottom with a range of approximately 17000 to 2000 helium atoms.
Tuning the pump frequency to the peak of the surface bound HCN-Ca ν1 pendular
band, we recorded the DR (pump surface bound) spectra shown in Figure 11.4. Again,
the DR spectra were measured over the entire dynamic range of droplet sizes. Recall, we
predicted above that vibrational excitation of the surface bound species would not result
in a population transfer to the solvated state, since the droplet sizes are already below
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the threshold presumably required for solvation. The resulting DR spectrum would only
consist of the hole and pile1 near the frequency of the pump, being simply due to the
overall reduction of the droplet size, and the pile2 at the frequency of the solvated band
would be completely absent. However, pumping the surface bound species does result in
DR signals for the solvated complex. Clearly, vibrational excitation of the surface bound
species enhances the downstream solvated population. Notice that while DR signals are
observed for the entire range of sizes, the DR hole decreases considerably for the larger
average droplets, indicative of the fact that fewer small droplets exist for these conditions,
hence less upstream surface bound complexes.
The analysis presented in the previous section for the intensity ratios provides con-
siderable support to the argument that a certain droplet size is required to support a
solvated state after complex formation. However, independent of droplet size, the DR
spectra indicate that vibrational excitation causes a fraction of the HCN-Ca complexes
to change locations, either becoming solvated or being forced to the surface, depend-
ing on the pump frequency. As a result, we require a model that can account for both
observations simultaneously, a point we will explore in the next section.
As discussed in the previous chapter, the C-H stretch band of HCN-Sr had all the
spectral signatures of a surface bound species. Unlike HCN-Ca, we did not observe a
second band that could be assigned to a solvated complex. Apparently, condensation
of an HCN molecule with a Sr atom never leads to a solvated species, at least for the
range of droplets accessible in our apparatus. Since we have shown for HCN-Ca that
vibrational excitation of the surface bound complex lead to an enhanced solvated popu-
lation, we also recorded the analogous single and double resonance spectra for HCN-Sr.
The single resonance (SR) pendular and DR spectra of the ν1 HCN-Sr band are shown
for a range of droplet sizes in Figure 11.5. In contrast to the HCN-Ca pendular spectra,
there is only one band observed for HCN-Sr (bottom of Figure 11.5), even for the largest
average droplet sizes (N¯ = 17000). However, the top DR spectrum (N¯ = 17000) shows
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Figure 11.5: IR-IR double resonance spectroscopy of the HCN-Sr complex. The pump
laser was ﬁxed to the peak of the only pendular band present in the single resonance
spectrum (∼3296.01 cm−1), while the probe laser was scanned over the same region. The
mean droplet size is decreased from top to bottom with a range of approximately 17000 to
6000 helium atoms. Also shown are the corresponding single resonance pendular spectra
at the same source conditions used for the double resonance spectra (note: colors match
between single and double resonance spectra).
a positive DR signal shifted to the red of the negative DR (hole) by ∼ 750 MHz. The
frequency shift is similar to the 1 GHz shift observed between the solvated and surface
bound HCN-Ca spectra. Therefore, we assign the new positive peak observed in the
DR spectrum to the solvated HCN-Sr species. The HCN-Sr DR spectrum proves un-
equivocally that vibrational excitation of the surface bound species ultimately leads to a
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solvated complex. Interestingly, the relaxation channel leading to solvation is completely
closed for the smaller average droplet sizes. Increasing the nozzle temperature from 13.5
K (top DR spectrum) to 18.0 K (bottom DR spectrum), the positive DR signal decreases
and broadens until it completely disappears. Population transfer to the solvated state
is apparently precluded below average droplet sizes around 8000 helium atoms, whereas
HCN-Ca population transfer was observed for all source conditions.
11.3 Discussion
The IR-IR double resonance spectra presented above for HCN-Ca conclusively show
that the two bands observed in the SR spectrum (rotationally resolved and unresolved
components) belong to two distinct populations associated with one molecular complex.
Given the discussion in the previous chapter, there is little doubt that the molecular
complex corresponds to the binary HCN-Ca species, and the two populations represent
two distinctive solvation regimes, ie. solvated or surface bound, respectively. Again, the
intensity ratios of the SR pendular bands suggest that there is a droplet size threshold
for solvation, which is roughly equal to N = 5000 helium atoms. At the same time,
vibrational excitation of the surface bound population in small droplets leads to an
enhanced downstream solvated population. This seemingly contradictory result can be
accounted for if we consider the two solvation regimes as being minima on a dopant-
droplet potential energy surface.
The back and forth population transfer between the two solvation regimes is reminis-
cent of the photo-induced isomerization observed for HCN-HF (Chapter 6), HCN-HCCH
(Chapter 7) and HF-N2O (Chapter 8). Of course, these binary complexes all had in
common an isomerization barrier that was smaller than the energy of the vibrationally
excited state. In analogy, both the single and double resonance HCN-Ca spectra are con-
sistent with the proposed dopant-droplet potential depicted schematically in Figure 11.6.
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Surface Bound Solvated
Figure 11.6: Cartoon of the solute-droplet potential for the HCN-X (X=Ca, Sr) molecular
complexes. A solvation energy of 0 K represents complete separation of the dopant from
the droplet.
The most important aspect of the potential is that there exists a barrier between the two
locally stable solvation states, ie. surface bound and solvated. In addition, we propose
that the barrier between the two states is correlated with the droplet size. Assuming the
Ca atom resides in a deep dimple site on or just below the surface, the formation of the
complex is most likely to occur near the surface. Therefore, in the discussion that follows,
we assume that both HCN-Ca and HCN-Sr condense near the surface of the droplet.
From the ab initio calculations summarized in Table 10.1, about 500 cm−1 of energy
is dissipated to the droplet upon complex formation. Prior to the energy being removed
by evaporative cooling, a fraction of the condensation energy may ﬂow into excited trans-
lational modes of the dopant (see Section 4.3). If the barrier to solvation is relatively
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low, then the dopant will sample the solvated minimum on the potential. As the ex-
cited translational energy is relaxed to the droplet, some of the complexes may become
trapped behind the barrier, remaining in the solvated state. On the other hand, if the
barrier is large relative to the condensation energy, then the complex is trapped behind
the barrier in the surface bound well. If the barrier decreases with increasing droplet size,
the probability of forming a solvated state will increase in the larger droplets, and the
surface bound states will be favored in the smaller droplets. In this model, the droplet
size threshold discussed above could roughly be correlated with the smallest droplet size
that has a barrier height below the available energy to the dopant upon complexation.
As a result, for HCN-Ca, we can assign 500 cm−1 as an upper limit to the barrier height
of an N = 5000 helium droplet. Certainly, in the limit of fast relaxation or insuﬃcient
coupling between the excited state of the complex and the translational states, the barrier
would need to be smaller than 500 cm−1 for solvation to occur.
For HCN-Sr, the barrier to solvation is presumably larger than the condensation
energy (660 cm−1) for droplets less than about 20000 helium atoms. In fact, the tail
of the log-normal distribution at 50 bar, 13.0 K source conditions extends well beyond
N = 30000 helium atoms, yet we found no evidence of solvated HCN-Sr complexes. We
can therefore assign a lower limit to the height for the HCN-Sr solvation barrier in the
largest droplets as 660 cm−1.
We can now explain the HCN-Ca and HCN-Sr double resonance results in the context
of the above model. Provided there is suﬃcient coupling between the excited rotational
and vibrational states and the dopant translational states1 (resulting from quantum con-
ﬁnement in the droplet), vibrational excitation could provide the energy necessary to sur-
mount the solvation barrier. For example, vibrational excitation of the solvated HCN-Ca
complex leads to a population transfer to the surface bound state, along with some of
1In general, the coupling should be rather small, since the rotational and vibrational wavefunctions
are very localized in comparison to the translational wavefunctions, which are likely to be spread out
over much of the droplet volume.
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the population returning to the solvated state. This result suggests that the complex is
placed above the barrier due to vibrational excitation, and is then cooled into either the
solvated or surface bound state. Additionally, population transfer from the surface to the
solvated state occurs for even the smallest droplet sizes. Therefore, it is reasonable to
conclude that vibrational excitation delivers enough energy to the translational modes of
HCN-Ca to surmount the barrier regardless of droplet size. Therefore, we can place an
upper limit to the barrier height in the smallest droplet sizes, namely the photon energy
(3295.50 cm−1).
As shown above, when HCN-Sr is formed on the surface the condensation energy
released is insuﬃcient to surmount the barrier to solvation. In addition, in droplets
smaller than about N = 8000, we see no evidence for population transfer to the solvated
state. However, as the average droplet size increases beyond this value, photo-induced
solvation is observed. In the proposed model, a 3296.01 cm−1 upper limit can be placed on
the HCN-Sr solvation barrier in anN = 8000 droplet. Clearly, the subtle diﬀerences in the
HCN-Sr-He interactions, in comparison to HCN-Ca-He, result in measurable diﬀerences
in the dopant-droplet potential.
One aspect that we have not considered is the possibility of vibrational predissoci-
ation of the complex. If the complex dissociates, as the results reported in previous
chapters suggest, then the fragments may be dispersed within the droplet as a result of
the fragment kinetic energy. Therefore, the fragments may lose all memory of their initial
solvation state, leading to recondensation in either the surface or solvated wells on the
droplet-dopant potential.
11.4 Summary
In summary, we have shown that the HCN-X (X=Ca, Sr) complexes are excellent
spectroscopic probes of the dopant-droplet potential energy surface. We proposed a
252
02
4
6
8
10
-10 -8 -6 -4 -2 0 2 4 6 8 10
0
2
4
6
8
10
Y  
( A
n
g s
t r
o
m
)
X (Angstroms)
 
 
 
Ca-NCH
Sr-NCH
Figure 11.7: Helium-dopant potential energy surfaces for the HCN-X (X=Ca, Sr) com-
plexes generated as described in the text. The HCN-Ca-He potential (top) has minima
in each linear conﬁguration with -30.6 cm−1 (X = 6.7 Å) and -3.11 cm−1 (X = -7.9 Å)
binding energies. In comparison, the HCN-Sr-He potential (bottom) has binding energies
of -30.3 cm−1 (X = 7.1 Å) and -3.04 cm−1 (X = -7.4 Å) in the two minima. The origins
are set to the center of mass of each HCN-X complex, and the contours range from -32
to 0 with 1 cm−1 intervals.
simple qualitative model consisting of a droplet size dependent barrier to solvation. The
important assumptions of the model are i), the complex is formed on the surface, ii), there
is a mechanism to transfer the condensation energy into translational modes of the dopant
conﬁned to the droplet, and iii), vibrational excitation leads to a translationally hot
dopant that can sample both solvation minima of the dopant-droplet potential surface,
prior to relaxation. While the ﬁrst assumption is well supported by the single resonance
spectroscopic evidence, a theory for the associated couplings required to validate the
model is still lacking. Nevertheless, all of the data reported here are consistent with
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the proposed qualitative model. The IR-IR double resonance results provide a solid
foundation for future theoretical eﬀorts to model the interactions of foreign impurities in
helium droplets. An important starting point for any theory will be the determination of
highly accurate molecule-helium potential energy surfaces. This is however, non-trivial
and time consuming given the high levels of ab initio theory required to accurately
determine the Ca-He and Sr-He interaction energies [282]. An easier approach is to sum
the Ca,Sr-He [282] and HCN-He [150] potentials and ﬁt the resulting pair-wise additive
potential to a few high level ab initio points on the HCN-X-He potential. The ﬁtted
surfaces in Figure 11.7 were generated by adjusting the X-N bond length to obtain the
best ﬁt to 20 CCSD-T ab initio points on the HCN-X-He surface (aug-cc-pV5Z on He,
aug-cc-pVTZ on H, C, and N, Stuttgart RSC 1997 ECP on X). The potential of a neutral
impurity in a helium droplet can be calculated with DFT methods [287], provided the
dopant-helium potentials are available. Indeed, this method has already been applied to
determine the HCN-Na-droplet potential [288], which predicts the surface bound location
of the dopant. With the HCN-Ca,Sr potentials given here, it will be interesting to see if
the DFT methods predict a droplet size dependent barrier between surface bound and
solvated states.
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Chapter 12
Conclusions and Outlook
Helium nanodroplet isolation (HENDI) spectroscopy has certainly proven to be a
very versatile technique for many forms of molecular spectroscopy. As shown throughout
this thesis, the resolution is often very high. The weakly interacting and cold helium
matrix leads to narrow line widths that are in general dominated by inhomogeneous
eﬀects. However, the inhomogeneously broadened line widths are typically less than 1
GHz, which would certainly go unnoticed if it were not for the narrow continuous wave
laser line widths (∼1 MHz) associated with the experiments.
The infrared-infrared double resonance (IR-IR DR) experiments on HCCCN uncov-
ered a homogeneous broadening mechanism by burning a hole in the inhomogeneous
line width, resulting from the log-normal distribution of droplet sizes. In the largest
droplet sizes, the homogeneous line widths were as narrow as 100 MHz, corresponding
to lifetimes1 of the excited vibrational state on the order of 10 ns. As the droplet size
decreased, the lifetimes became shorter, with the shortest measured lifetime correspond-
ing to approximately 0.6 ns. Interestingly, the vibrational excited state lifetime began to
increase as the droplet size was reduced below 1000 helium atoms. This observation pro-
vides strong support to a homogeneous broadening mechanism that involves the removal
1The terminology, lifetime, corresponds to the time required to either dephase the ensemble of vibra-
tions or relax the population back to the ground vibrational state.
of the excited state energy through the coupling of the vibrational degrees of freedom
to the bath of droplet surface excitations. Initially, as the droplet size decreases, the
vibrationally excited HCCCN is on average closer to the surface where the coupling is
stronger, hence the excited state lifetime is reduced. However, in a Fermi's golden rule
treatment of relaxation,
1
τ
∝ 2pi
~
|Vif |2 ρf
the lifetime, τ , is inversely proportional to both the square of the coupling matrix el-
ement, Vif , and the density of states at the excited state energy, ρf . Therefore, we
conclude that as the droplet size is decreased below about 1000 atoms, the reduction
in the density of surface excitations (ripplons) begins to oﬀset the increased coupling
that results from the molecule being closer to the surface; as a result, the homogeneous
line widths become narrower for the smallest droplet sizes. These results have certainly
improved our understanding of the timescales and mechanism for vibrational relaxation
of polyatomic molecules embedded in liquid helium droplets. The initially prepared vi-
brationally excited state will interact with the bath of molecular dark states through
the well known process of intramolecular vibrational energy redistribution (IVR), and
the helium bath of surface states, and perhaps to some degree the bulk modes as well,
will facilitate this process by increasing the density of states and reducing energy gaps.
Therefore, the vibrational relaxation process can be pictured as the step wise excitation
of droplet surface states as the energy cascades down the ladder of molecular dark vibra-
tional states, ultimately resulting in the evaporation of helium atoms and the production
of a vibrationally cold molecule.
The IR-IR DR work presented in this thesis has also signiﬁcantly contributed to our
understanding of the vibrational relaxation of helium solvated van-der-Waals complexes.
In the gas phase, vibrational excitation is well known to result in a predissociative state
with an energy that is eventually funnelled to the weak intermolecular bond. Provided
the photon energy is larger than the complex dissociation energy, the result is bond
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rupture, with the excess energy being carried away as excited fragment rotation and
vibration. The gas phase vibrational predissociation process is well known to be highly
non-statistical; that is, the dynamics are strongly dependent on the identity of the excited
vibrational mode. For example, the predissociation lifetime of the HCN dimer (HCN-
HCN) upon excitation of the free C-H stretch is at least 102 times longer than upon
excitation of the bonded C-H stretch. The shorter lifetime of the bonded stretch excited
state is due to the fact that the bonded stretch is more strongly coupled to the weak
intermolecular bond.
In helium droplets, the lifetime of the excited bonded stretch is also short in com-
parison to the free stretch. However, the details of the relaxation process leading to
this observation are less clear. A whole range of dynamical possibilities arise when the
van-der-Waals complex is solvated in a helium droplet. For example, the bonded stretch
is coupled more strongly to the lower frequency modes of the dimer, which accounts for
the faster dissociation in the gas phase. Since the relaxation process involves the energy
being removed from the complex in a cascading fashion, it is reasonable to suspect that
the faster transfer of energy to the lower frequency modes results in a comparatively
faster relaxation for the bonded stretch. However, as discussed above, for droplets larger
than about 1000 helium atoms, the timescale for this relaxation is on the order of 10 ns
for HCCCN, a molecule that cannot dissociate. Therefore, it initially was not known if
the dimer complex dissociates in helium, given the vibrational predissociation lifetimes
in the gas phase are on the order of 1 ns (bonded stretch) and >100 ns (free stretch).
One possibility is that the dimer never dissociates due to the solvent cage, and the other
extreme is the complex dissociates, and the fragments are likely caged as a result of the
rising dopant-droplet potential near the surface of the droplet. If the complex does man-
age to dissociate, translational fragment energies typical of the gas phase process would
be suﬃcient to push the fragments from the droplet center to the surface in only 100 ps,
an amount of time considerably shorter than the 1-10 ns vibrational relaxation times.
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For this dynamical regime, the energy transferred to the fragments could be dissipated
due to the interaction with the surface ripplons, and the cold fragments could again ﬁnd
each other and form the complex on a longer time scale.
The IR-IR DR technique developed throughout the course of this work was perfectly
suited to address the question of whether or not weakly bound complexes dissociate
as a result of vibrational excitation. Choosing binary systems having two isomers on
their associated potential surfaces, the two IR laser technique was capable of probing the
eﬀects of vibrational excitation of one isomer on the downstream population of the other.
Indeed, we found that vibrational excitation of the C-H or H-F stretches of the HCN-
HF, HF-N2O, and HCN-HCCH complexes lead to isomerization, which was observed as
a population transfer from one isomer to the other. Most importantly, we were able
to measure the downstream isomer ratios. For example, vibrational excitation of the
linear HCN-HF isomer resulted in a 2:1 linear to bent downstream ratio. Interestingly,
the 2:1 ratio is observed upon sequential pick-up of HCN and HF into the droplet,
suggesting that vibrational predissociation occurs followed by geminate recombination
of the cold fragments, by way of the same formation process that lead to the 2:1 ratio
upon introduction of the dopants to the beam. In addition, as observed in the gas phase,
we ﬁnd that the dissociation process is both mode and isomer speciﬁc for the HCN-HCCH
and HF-N2O isomers. Certainly, the results presented for the IR-IR DR spectroscopy of
van-der-Waals complexes are consistent with the above picture of dissociation followed
by recombination of the cold fragments.
However, there are still many questions regarding the relaxation process that are
yet to be answered. For example, the source of the missing population observed upon
vibrational excitation of the linear HCN-HCCH isomer and the two HF-N2O isomers is
still unknown. The data suggest that the missing population at least partially arises
from the fact that fragment recombination is occurring on the timescale of the droplet
ﬂight time from the upstream to the downstream laser interaction region. Nevertheless,
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the results are inconclusive, and we are left to speculate as to the origin of the missing
population.
Certainly in the future, the incorporation of pulsed infrared OPOs to the helium
droplet spectrometer will lead to a better understanding of the associated processes. For
example, two pulsed OPOs could be used in a time resolved pump, probe experiment to
observe the onset of the transient monomer absorptions following the excitation of the
complex. In addition, the decay and reappearance of the complex absorption will provide
an exacting test for the recombination times, answering the above questions regarding
the missing population in the cw experiments. Of course, the technical aspects of the
experiments must be considered, especially given the naturally low duty cycle inherent
in any pulsed experiment. A 2 mJ/pulse laser pulse traveling collinearly with the droplet
beam will be cable of achieving the same sensitivity as the current cw mode of operation.
Given the total ﬂight time of a droplet through the instrument is about 2 ms, the pulse
of photons will interact with 2 ms of beam every 100 ms (10 Hz OPO), resulting in a 2%
duty cycle. The factor of 50 loss due to this diminished duty cycle in comparison to the
cw experiment is compensated for by the increased OPO ﬂuence, which is typically 1-10
mJ, compared to 0.5 mJ for 100 mW of cw power from the cw OPO or 0.05 mJ from
the F-Center laser. Certainly, the IR-IR DR experiments in pulsed mode are achievable
with the gated detection of the transient droplet depletion signal with a quadrapole mass
spectrometer. Further improvements to the technique could be achieved through the use
of pulsed helium droplet sources, which have recently been demonstrated in two diﬀerent
labs [289,290]. The pulsed source used in combination with the pulsed OPOs will give a
further factor of 10-100 improvement in the sensitivity due to the higher droplet ﬂuxes
achievable.
We have only scratched the surface with regards to the various dynamical processes
that can be studied with the helium droplet IR-IR DR technique developed throughout
the course of this work. For example, highly metastable reaction intermediates trapped
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by the cold helium following upstream photo-induced reaction can be studied with the
downstream infrared laser. In addition, the IR-IR DR technique opens up the possibility
for studying the dynamics of hydrogen bond rearrangements in systems of biological
interest. Certainly, in general, the future for helium droplet spectroscopy is bright,
with many groups focused on the interesting properties of the mysterious quantum ﬂuid,
while others are focused on turning helium droplets into independent, isolated, nanoscale
cryostats for studying the rich chemistry of unique and novel materials. Many of the
materials that can be built from the ground up in helium droplets are impossible to
prepare in a standard molecular beam experiment or in any other laboratory setting for
that matter.
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